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Aufgabenstellung
Für die Auslegung wie auch für die Regelung von planetaren Rovern ist die Modellierung
der Kontaktkräfte zwischen Rädern und weichem, verformbarem und unebenem Boden
ein zentrales Element. Verschiedenste Ansätze wurden sowohl am DLR als auch außerhalb
z.B. am MIT, bei der NASA oder der ESA entwickelt. Nach wie vor ist diese Modellierung
jedoch Gegenstand der Forschung weltweit und alle vorhandenen Lösungen haben teils
schwerwiegende Nachteile oder Probleme.
Für die Regelung und Beobachtung von Einzelrad und Gesamtfahrzeug sowie die Opti-
mierung von Rover und Roverkomponenten wird am Institut DLR-SR ein schnelles Modell
benötigt, dass dennoch viele Effekte hinreichend genau abbildet. Die Weiterentwicklung
bestehender Ansätze und die Herleitung sowie Implementierung neuer Funktionen und
Ansätze soll im Rahmen einer Masterarbeit verfolgt werden. Neben dem klassischen Rad-
Boden-Kontakt sollen u.a. Einflüsse von Schlupf sowie dem mehrfachem Durchfahren
des gleichen Bereichs abgebildet werden. Weiterhin können die genauen Bodenbeschaf-
fenheiten, mit denen ein planetarer Rover umgehen muss weder als bekannt noch als
konstant angenommen werden. Weitere mögliche Aufgabenpakete sind daher die Verwen-
dung des entwickelten Modells für eine Sensitivitätsanalyse im Hinblick auf fehlerhafte
Bodenparameter sowie für den Entwurf von Beobachteralgorithmen. In jedem Fall ist die
Tauglichkeit der Ansätze und Implementierungen für Regelungs- und Beobachterentwürfe
zu beachten.
Anhand bestehender Messdaten eines institutseigenen Prüfstands und/oder eigenen Mes-
sungen mit selbigem soll die Funktionsweise des entwickelten Modells abschließend bew-
ertet und validiert werden.
Zusammenfassung
Um die kostenintensive Mission eines planetaren Explorationsrover zum Erfolg zu füh-
ren, müssen zunächst enorme Anstrengungen in Entwicklung und Design unternommen
werden. Ein wichtiger Teilaspekt in der Entwicklung eines Explorationsrovers, ist die Be-
trachtung des Rad-Boden Kontaktes, welcher nötig ist um die Mobilität eines Rovers,
besonders auf losem und weichen Boden zu gewährleisten. Dabei ermöglicht der Einsatz
von Modellen und Tests in Simulation die Anzahl von teuren Prototypen zu reduzieren,
was die Entwicklungskosten erheblich senkt.
In dieser Masterarbeit liegt der Fokus auf semi-empirischen Modellen der Terramecha-
nik, deren Einsatzfähigkeit jedoch stark beschränkt ist, da diese Modelle einer starken
Vereinfachung unterliegen. Deshalb werden mögliche Erweiterungen der bestehenden Mo-
delle untersucht, um zu prüfen, ob diese Weiterentwicklungen die Einsatzfähigkeit semi-
empirischer Modelle verbessern kann. Insbesondere die Eignung verschiedener Ansätze des
sogenannten Borstenmodells, ein Konzept der Reibungsmodellierung, ist Gegenstand der
Betrachtung und wurde in einer bestehenden Simulationsumgebung implementiert und in
Simulation sowie am Prüfstand getestet.
Um diese Modellerweiterungen zu validieren und um das Rad-Boden Kontakt Verhalten
zu untersuchen, wurde eine Testkampagne auf einem linear geführten Einzelradprüfstand
am DLR in Oberpfaffenhofen durchgeführt.
Abstract
In order to lead the cost-intensive mission of a planetary exploration rover to a success,
tremendous efforts must previously be undertaken in development and design. An im-
portant issue in the exploration rover development is the consideration of the wheel-soil
contact, which is necessary to ensure the maneuverability of a rover, especially on loose
and soft soil. As a consequence, the modeling of the contact reactions between wheel
and soil has become a subject of research, because it can help to reduce costs in the
development by using simulations instead of designing expensive prototypes.
In this master thesis the focus is on semi-empirical models of terramechanics, however
the operational capability of these models is strongly limited due to their high degree of
simplification. For this reason, extensions to existing models are investigated in order to
verify if these extensions improve the operational capability of semi-empirical models. In
particular, the suitability of different approaches of the so-called bristle model, which is a
concept of friction modeling, are implemented in an existing simulation environment and
then tested in simulation, as well as on a test bed.
In order to validate these model extensions, as well as to investigate the wheel-soil contact
behavior in soft soil, a field campaign on the linear guided Single-Wheel Testbed at the
DLR Oberpfaffenhofen are performed.
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For investigation of the solar system planetary exploration rovers have become a signifi-
cant element. The increasing number and requirements of planetary exploration missions
resulted in an intensified research of rovers. In order to ensure the success of an explo-
ration, a reliable locomotion of these vehicles must be guaranteed. Previous exploration
missions showed that difficult soil conditions could endanger the entire mission. A prime
example is NASA’s Mars rover Spirit which got stuck in loose sand in 2009 because of slip
sinkage, as illustrated in Figure 1.1. Despite enormous efforts over several months, the
engineers of NASA failed to free the sand-trapped rover. Through this incident, Spirit
was no longer able to align its solar cells to the sun to collect enough energy for primary
functions. Therefore, the engineers lost contact to Spirit one year later [5].
A further example is NASA’s Mission MSL - Curiosity. In July 2014, the rover drove
across an area called “Zabriskie Plateau” which is interspersed with hazardously sharp
Figure 1.1.: The Mars rover Spirit stuck in soft sand [33].
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rocks. Damage to the aluminum wheels could not be prevented despite a detour of about
200 meters [34].
These examples show that the locomotion of the rover is a bottleneck problem. In order
to avoid such occurrences in future rover missions it is necessary to have comprehensive
understanding about the mechanical wheel-soil reactions, the so-called terramechanics.
A substantial knowledge in this field enables a development of suitable rover design and
capable controller strategies in a shorter time. Moreover, costs can be saved by depicting
the terramechanics in simulations in order to decrease the number of prototypes which
must be developed. For this reason, the modeling of contact forces between the rover’s
wheel and the soil, based on knowledge of the terramechanics has become a subject of
ongoing efforts in research [3], [5].
1.2. Exploration Rovers on Planetary Missions
There are many reasons for using a rover for planetary exploration, as those vehicles
are able to drive directly to a place of interest and can perform scientific observations,
which are considerable advantages compared to other space probes as stationary landers
or orbiters [6].
Figure 1.2 shows some examples of planetary exploration rovers. On the right, Mars rover
Spirit (MER-A) is illustrated which was launched from earth in June 2003. The rover was
developed by the Jet Propulsion Laboratory (JPL), a research and development center of
the California Institute of Technology. As already mentioned, the Spirit mission ended in
2010, after the rover got stuck in soft sand. In the center, the ExoMars rover can be seen
Figure 1.2.: Examples of different planetary exploration rovers. Left: LRU (DLR) [7],
center: EXOMARS (ESA) [10], right: MER-A Spirit (JPL) [32].
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which belongs to the mars mission of the European Space Agency (ESA). The start date
for the rover mission is scheduled to be in 2018. As an example for a current research
project the Lightweight Rover Unit (LRU) is shown on the left of Figure 1.2. The rover
was developed by the Robotics and Mechatronics Center (RMC) of the German Aerospace
Center (DLR) and is used for further research and the development of rover components
for future rover missions [3], [9].
The wheel design is significant for the locomotion of an exploration rover. Current rovers
have a wheel radius which ranges from 100 mm to 250 mm and the wheel width ranges
from 100 mm to 400 mm. The wheel size usually depends on the size and weight of the
rover [31], [36]. Moreover, they are designed as hollow cylinders to reduce the rover’s total
weight. Because of the extreme operating conditions of planetary rovers, the wheels are
usually made of a metal strip which encircles the spokes. Moreover, the metal strip and
the spokes can be flexible or rigid [37]. On the other hand, wheels with tires made of a
rubber compound are unsuitable because of the extreme temperatures and the radiation
in space [38].
Another important element of the rover’s wheel design are the so-called grousers which are
structures attached to the wheel surface transversally to the roll direction. The purpose
of grousers is to improve the tractive performance of the rover, especially in loose soil [26].
1.3. Wheel-Soil Modeling
Wheel-soil contact models allow the development of model-based controller strategies for
the rover’s locomotion, respectively the coordination of the wheel and steering drives. Due
to the large spatial distance between ground control and the exploration vehicle, there is
a tremendous signal latency but because of increasing requirements, the rover also has to
overcome larger distances, as well as drive on difficult terrain. This results in a need of
path-finding and partially autonomous driving algorithms for the rover, where wheel-soil
contact models can be helpful [21].
The wheel-soil contact modeling leads to the research field of the so-called terramechan-
ics which deals specifically with the mechanical properties of soils and the behavior of
the soil during application of force and its retroactive effect on penetrating objects. The
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term terramechanics was first used by Prof. Bekker in his book “Off-road locomotion:
research and development in terramechanics” in 1960 [2]. This research field first arose
with the entry of farm machinery in agriculture and the need of increasing the yield. As a
consequence, the agricultural engines have become bigger and heavier in order to work on
more soil in the same amount of time. Simultaneously, the soil pressure caused by heavy
machinery was to be kept as low as possible to avoid any damage to the yield, which was
the motivation to create mathematical descriptions to predict the wheel sinkage and the
soil pressure of farm machinery. Later, this knowledge was also used for further develop-
ment of military vehicles [23]. With the use of planetary rovers to explore other planets
in the solar system, terramechanics also became a research field in the aerospace.
As Figure 1.3 illustrates, terramechanics plays an important role in several design and
development steps of a planetary exploration rover, as the soil properties on planetary ex-
ploration missions can never be accurately determined prior to the start of the mission and
can quickly change during exploration [5]. Through the theoretical knowledge of terrame-
chanics the design of the wheel, as well as the wheel-load distribution and the locomotion
kinematics of an off-road vehicle can be improved in order to increase their locomotion
performance, even under changing soil conditions. In the age of increasingly powerful
computers, Multibody System (MBS) simulations including the wheel-soil contact behav-
ior can be performed, as well as development and the use of intelligent locomotion controls
becoming possible [5].
There are different factors that have an influence on the wheel-soil reactions, such as soil
properties and shear behavior on the one hand and constructive aspects like the wheel
design and the load distribution on the other [5], [21]. For this reason, the wheel-soil
contact modeling is a strongly non-linear problem, which makes the system more difficult
to handle.
In order to properly describe wheel-soil reactions it is necessary to consider the friction
between wheel and soil, which can depend on many different properties, among others,
the tangential velocity, the kind of material, the topology and geometry of the surface, as
well as the lubrication. For this reason, the modeling of friction is not trivial as it is hard
to describe friction mathematically [35]. Especially the calculation of the friction force


















Figure 1.3.: Fields in which terramechanics is an important field, cf. [5].
models may be highly error-prone [40]. As a consequence, many different approaches have
been developed in the last decades in order to predict friction accurately, as explicitly de-
scribed in 2.2.
All these considerations are important in order to develop suitable wheel-soil contact
models which help to observe and predict the locomotion of rovers on difficult terrain.
1.4. Objectives
This Master’s Thesis investigates the modeling of wheel-soil contact and especially the
shear stress modeling of wheel and soil. One requirement is the real-time capability of
these models, because they should be usable for a rover’s locomotion control. For this
reason, only semi-empirical models will be part of this work as they combine experimental
results on the one hand with physical relations on the other and thus lead to a reasonable
compromise between accuracy and computational effort [5].
One of these models is the Bekker based Contact Model (BCM), which is based on the
semi-empirical equations of Bekker [2],Wong [45], Janosi, as well as Hamamoto [45]
and is supposed to be extended in this thesis by two approaches. Following this, these
BCM extensions are investigated in a simulation tool.
Finally, in order to validate the theoretical model, experiments on a special test rig for
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investigations on wheel-soil contact, the so-called Single-Wheel Testbed (SWT) have to
be performed subsequently. The SWT is used at the Robotics and Mechatronics Center
(RMC) of the DLR.
1.5. Structure of Thesis
Chapter 2 gives an overview on the state of the art concerning the topics which are im-
portant for the remainder of this thesis. This includes among others, the introduction to
different current approaches that describe the wheel-soil interactions and the modeling of
friction and subsequently the BCM model equations are introduced in Chapter 3. After
this, the implementation of further developments of BCM, with an alternative description
of the shear behavior between wheel and soil, are considered in Chapter 4 . In Chapter 5,
the model extensions are analyzed in simulation and suitable values for the model param-
eters are discussed. Finally, the models are validated with experiments performed with
the SWT at the DLR. An introduction of the SWT and different test scenarios is given
in Chapter 6 and in Chapter 7 the results are presented and discussed. In Chapter 8,
further developments are discussed as an outlook for future works.
2. State of the Art
Different approaches of wheel-soil contact modeling are currently considered in research.
On the one hand, these are element or particle methods like the Finite Element Method
(FEM) and the Discrete Element Method (DEM) which also have significance in other
research fields [5]. In Discrete Element Method (DEM) simulation, the medium, respec-
tively the soil, is depicted as a large number of discrete particles, which can move each
in 6 degrees of freedom. Furthermore, there is no fixed geometric relation between the
particles but the motion of each particle is only computed regarding the forces which arise
from particle contacts and external forces [25]. An illustration of the DEM can be seen
in Figure 2.1. The FEM approach considers the soil as a continuum, where the mesh
has fixed neighbored nodes [25], [36]. In case of a wheel-soil contact, the mesh will be
distorted by the contact reaction forces and torques.
These methods enable to compute an accurate prediction of the wheel-soil contact but
on the other hand the computational effort to simulate these models is extensive and for
real-time capable applications, as model-based controller, FEM and DEM are unsuitable.
For this reason, semi-empirical methods of the wheel-soil contact are on the focus of this
Figure 2.1.: Wheel-soil contact modeling of a single wheel in experiment(left) and with
the discrete element method (right), [25].
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work. These approaches are based on theoretical knowledge combined with experimental
results and mostly based on the findings of Bekker, which introduced firstly. After this,
an overview of friction modeling is given and finally different wheel-soil contact models
are introduced.
2.1. Modeling of Wheel Sinkage and Earth Pressure
Bekker’s analysis and investigations regarding the pressure-sinkage relationship of soil
are still basis for many semi-empirical approaches. Due to the vehicle’s weight, the wheel
induces a load to the surface of the terrain which leads to a soil deformation. This increas-
ing deformation causes a rising sinkage of the wheel. Bekker considered the relationship
between pressure and sinkage by performing penetration tests. The test arrangement
consists of plates of different shapes and areas which are pressed vertically into a ho-
mogeneous soil surface and is called Bevameter (short for Bekker Value Meter). The
measurement values of the Bevameter experiment are the sinkage and the normal force.
Bekker developed a mathematical relationship from the measured data, the nonlinear








where σ is the normal stress at a given plate sinkage z, and kc, kφ, n are the so-called
Bekker soil parameters for an individual homogeneous soil and b is the diameter of the
test plate. In order to predict the wheel sinkage, the wheel width is used for b instead of the
diameter of a plate. However, it should be mentioned that Bekker’s theory was originally
developed for plates. The Bekker soil parameters kc, kφ and n are listed in Table 2.1
with the corresponding units. Note that a detailed description of the identification of the
parameters can be found in [45]. Another derivative of the Bevameter test can be found
in the work of Apfelbeck [1].
The grousers have an important influence on the locomotion of the wheel, as its motion
performance depends on the number of grousers on the wheel surface, the grouser shape,
as well as the thickness [26]. The calculation of the grouser effects are based on the
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Table 2.1.: Bekker soil parameter and units.
Parameter Description Unit
kc Cohesive modulus kN/mn+1
kφ Friction modulus kN/mn+2
n Exponent of deformation -
equations of the passive earth pressure theory which are briefly discussed in the following.
Details can be found in [41] and [45]. In Figure 2.2, a wheel with grousers is illustrated,
where the lowest grouser is fully embedded in the soil. In order to calculate the driving
force of a grouser, the passive earth pressure σp is calculated as
σp = γszNφ + qNφ + 2c
√









with the unit weight γs = ρg, the load q, cohesion c, the flow value Nφ and the depth z.
In the next step, the passive earth pressure must be integrated over the cutting depth of
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√
Nφ, (2.3)
to calculate the driving force of one grouser.









Figure 2.2.: Grouser-soil interaction of a wheel with soil, cf. [45].
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and the bulldozing phenomena. Bulldozing means that the displaced soil gathers in front
of the wheel and thus the wheel shoves that loosened soil in the direction of motion, which
results in a further resistance to the wheel locomotion [17].
The so-called multi-pass effect describes the difference in soil condition and resulting
contact forces between a front wheel, driving on untouched ground, and a rear wheel,
following in the first wheel’s track. Depending on the amount of slip of the front wheel,
the soil is either compressed or loosened. This leads to higher or respectively lower
sinkage and ultimately to said differences in contact forces and torques. Especially for
soft, granular soil this effect should be taken into account [5], [13].
2.2. Modeling of Friction
In addition to the aforementioned normal stress on the soil caused by the wheel, there
are also forces and torques which are tangential to the soil surface. For the prediction of
tangential reactions, the modeling of friction is necessary.
The motivation of researchers to model the behavior of friction has been high for over 300
years, as friction occurs practically in any mechanical system. One of the first attempts
to describe friction is the Coulomb friction model which describes the proportional
relationship between the normal force and the friction force. Moreover, Coulomb worked
out that friction is independent from the contact area. However, this approach only
considers the behavior of friction when the involved bodies are in relative motion, the
so-called sliding regime. Thus, the model is not able to depict the friction behavior in
the sticking regime, respectively at zero velocity [19]. Though it is necessary to consider
both the sticking and the sliding regime in order to predict the dynamic behavior of a
MBS that includes contact between bodies. As a consequence, several approaches have
been developed in order to obtain models with an improved validity.
Stribeck proposed a more comprehensive model which combines static, kinetic and
viscose friction and from this he developed the Stribeck curve [39]. The transition from
static to kinetic friction is assumed in this model as a continuous process. In 1985,
Karnopp introduced a model which changes its state when the relative velocity of the
contact bodies ranges around zero velocity [18]. In this case, the model treats the friction
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as if the contact bodies already were at zero velocity and thus it assumes static friction.
A further method is the Dahl model which was especially developed for the description
of friction in ball bearings. Dahl showed that friction depends on the relative velocity
between the respective contact bodies and the displacement of their material. In addition
he found that the friction behavior strongly depends on whether the material is brittle
or ductile [4]. Moreover, the Dahl model can be seen as the predecessor of the models
which are introduced in detail in Section 2.2.2 and Section 2.2.3 [24], [29], [40].
2.2.1. Mohr-Coulomb Criterion and Extensions
The tangential forces and torques originated from wheel-soil contact results in a shear
stress of the soil. At a certain point, when shear stress exceeds the maximum shear
strength of the soil τmax, a plastic flow of the soil sets in, the so-called shear-failure. This
maximum shear strength of a soil is defined by the Mohr-Coulomb failure criterion as
τmax = c+ σ tanφ, (2.4)
with the individual soil parameters cohesion c and the friction angle φ and σ as the normal
stress.
However, for loose soils the shear strength also depends on the soil compaction, because
a soil with higher compaction can absorb more tangential forces before it fails. For
this reason, Janosi and Hanamoto proposed the following extension to the Mohr-
Coulomb failure criterion [45], which is the shear stress-displacement relationship, as






where j is the shear displacement, which is caused by the deformation of soil and K is
the horizontal shear deformation modulus which depends on the soil compressibility. The
shear stress-displacement relationship for loose soils can seen in Figure 2.3 which shows
the relation between the shear displacement j and the shear stress τ . Furthermore, it can
be seen that the shear stress converges to τmax and that K describes the initial gradient
of the function [45].











Figure 2.3.: Shear stress - Shear displacement curve, cf. [45].
2.2.2. Bristle Friction Model
The bristle friction model was proposed by Haessig and Friedland in [14] with the
motivation to describe the friction between two surfaces as a large number of microscopical
contact points [35]. This was derived from the idea that friction force is a result of elastic
and plastic deformations of the surface [29]. The method is intended to represent the
microscopical physical bonds of a contact surface as bristle bonds. However, it is not
recommended to represent each microscopical physical bond of a real contact surface as
one bristle bond because the number is most probably very high and it would lead to a high
computational effort. Instead, a relatively small number of bristles n should be chosen
for the entire contact surface. Haessig and Friedland found that a relatively small
number (i.e., n ≤ 50) is sufficient for an adequate depiction of the friction phenomena [14].
As a result a 1/n-th part of all physical bonds of the contact surface is condensed in one
bristle bond. Simply put, the behavior of friction can be imagined as a brush which slides
over the surface as shown in Figure 2.4.
In this case, the upper surface slides over the stationary lower surface and the bristle of
the stationary surface are pliable and the bristle of the sliding body are rigid. When a
pliable and a rigid bristle are at the same position, both are bonded. The relative motion




Figure 2.4.: Illustration of the bristle friction, with n bristles, cf. [14].
between the upper and lower surface leads to a strain of the pliable bristle of each bristle
bond. The deflection is now xi − bi, where xi is the position of the deflected bristle bond
and bi the original location of the unloaded bristle bond. For a better understanding,
Figure 2.5 shows the relations within one bristle bond. Furthermore, it is assumed that
each pliable bristle has a stiffness kb. Hence, the pliable bristle acts like a spring, where
one has to apply a force to deflect the spring. The sum of n bristle loads and thus the





kb (xi (t)− bi) . (2.6)
(xi − bi)
xxi bi
Figure 2.5.: Deflection of a single bristle bond, cf. [14].
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If the bristle deflection xi − bi exceeds a defined level smax, it is assumed that the bristle
bond snaps and contributes no longer an amount to the friction force. At the same time a
new unloaded pliable bristle rises at other random location compared to the previous one.
Through this stochastic feature the transition point between static and kinetic friction
can slightly change and this captures the random nature of friction [16]. For more details
about the random behavior of friction, please refer to [16]. Since there is no damping the
model will be oscillatory in motion and a damping term should be integrated as shown
in 2.2.3. Another disadvantage is that the computation of the bristle friction model can be
inefficient because the snapping of the bristle bonds can lead to discontinuities which are
hard to handle for the integration algorithm of a simulation because the time step must
be set very short. Furthermore, the model is only defined in a single dimensional space,
and thus it is only usable for 1D application and it cannot be used for a 3D simulation,
with the friction force being time-varying and a vector in 3D space [28], [35].
2.2.3. Extended Bristle Friction Model
From the motivation to use the bristle friction model for MBS simulations Ma [28],
Liang [24] and Fillmore [12] proposed an extended bristle friction model for 3D space.
They introduce a standalone model which can be integrated in a 3D multibody dynamics
simulation. The following considerations are completely based on Liang’s work [24]. In
this approach, the bristles are assumed as springs with effective average deflections, which
are in the tangential plane of their corresponding contact points, because friction force
always occurs in common tangential planes of two contact points. Furthermore, a bristle
does not break when the bristle deflection reaches the maximum level smax. Instead of
breaking, the bristle remains at this maximum level which makes the model significantly
faster to compute. As a result of the unbreakable bristle spring, the randomness of the
friction is lost. For this reason, the transition from the static and the dynamic regime is
always at the same point. The loss of this stochastic feature leads to less accuracy on the
one hand, but a faster computation of the model on the other.
Figure 2.6 illustrates the relative motion between body 1 and body 2 at the time t and
t + ∆t. Note that for a better understanding only one contact point is assumed. The
contact point with the assumed bristle is represented by P which is time-varying, as well
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as the corresponding tangential plane. The time-varying 3D friction force vector in the
contact point is now defined as
f (t) = −kb s (t) , (2.7)
where kb is the scalar bristle stiffness and s the 3-dimensional bristle deflection vector,






vt (t) dt, if ||s|| < smax (t)
smax (t)
vt(t)
||vt(t)|| , if ||s|| ≥ smax (t) ,
(2.8)
where vt is the tangential velocity vector of the contact point P , t is the current time, t0 the
start time of the contact and thus, s(t0) the initial bristle deflection vector. Equation (2.8)
shows that the bristle deflection is the time integration of the tangential velocity vt. As
already mentioned, the bristle bond is unable to snap in this model approach. For this
reason, when the bristle deflection reaches the scalar maximum level of deflection smax,
the bristle remains at the time-varying maximum deflection.




Body 1 at time t
Body 1
at time t + ∆t
Tangential plane
at time t + ∆t
Tangential plane
at time t
Figure 2.6.: The extended bristle model, cf. [24].
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, if ||vt (t)|| ≤ vd.
(2.9)
fn is the normal force which is acting at the contact point P , µs is the scalar static
friction coefficient in sticking mode and µk is the scalar kinetic friction coefficient when
the system is in sliding mode. The scalar velocity deadband vd, also called threshold, is
the boundary between the two friction types. This threshold is necessary to capture the
sticking mode, which is around zero velocity, because exact zero velocity would be barley
reached in numerical simulations. If ||vt|| is less than vd the contact point is within the
sticking mode and smax = ssmax. However, if ||vt|| is greater than vd the contact point is
within sliding mode and smax = skmax.
The definitions of the bristle deflection s and the maximum bristle deflection smax become
clearer in Figure 2.7. In this figure, the tangential planes of time t and t+∆t of Figure 2.6
are illustrated in top view. The point in the middle represents the contact point P of two
surfaces, where the normal and friction force are applied. The outer circles illustrate the







f (t + ∆t)
kb
kb
skmax (t + ∆t)
ssmax (t + ∆t)
s (t + ∆t)
Tangential plane at time t Tangential plane at time (t + ∆t)
Figure 2.7.: Tangential planes of the extended bristle model at time t (left) and t+ ∆t
(right), cf. [24].
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the maximum bristle deflection skmax when the system is in the kinetic regime. Moreover,
µs is always greater than µk, because the friction force is greater in sticking mode than in
sliding mode. For this reason, ssmax is always the outer circle and the bristle deflection
can be higher in sticking mode. As the bristle acts like a linear spring, a higher maximum
deflection smax leads to a higher spring force and thus, the friction force is higher in the
sticking regime. In Figure 2.7, it can be seen that the bristle deflection is completely
within the inner circle at time point t (left figure) and thus, the system is the sliding
mode. On the contrary, the system is in sticking mode at time point t+ ∆t (right figure),
because the tangential velocity ||vt|| fell below the velocity deadband vd within the time
step ∆t.
As already mentioned, a disadvantage of the bristle model is the oscillatory behavior. In
order to prevent an oscillation, a damping term can be added to Equation (2.7), as
f (t) = −kbs (t)− cbs˙ (t) , (2.10)
where the parameter cb is the damping coefficient of the bristle.
The five introduced bristle parameters are listed in Table 2.2 for a better overview. For
Table 2.2.: The five bristle parameters.
Parameter Symbol Unit
Bristle stiffness kb N/m
Bristle damping cb Ns/m
Static coefficient of friction µs −
Kinetic coefficient of friction µk −
Velocity deadband (Threshold) vd m/s
adequate friction force results the parameters must be identified precisely. Moreover, the
bristle friction model needs two dynamic input values for each contact point to calculate
the total friction force which are shown in Table 2.3.
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Table 2.3.: Inputs of the bristle friction model.
Inputs Symbol Unit
Normal force of the contact point fn N
Tangential velocity of the contact point vt m/s
2.3. Modeling of Wheel-Soil Contact
The dynamic modeling and simulation of wheel-soil contact based on the relationships,
which are mentioned in the previous sections, is the motivation of many researchers and
several developments of different research institutions are state of the art.
Trease et al. [43] from JPL introduces a dynamic wheel-soil contact model and a simula-
tion tool called ARTEMIS (Adams-based Rover Terramechanics and Mobility Interaction
Simulator) which is based on the MBS simulation tool MSC Adams. This model uses
the relationships of Bekker, Wong and Janosi. For the contact force computation
between wheel and soil only a single contact point is assumed and the a rolling resistance
caused by the wheel penetration is not considered.
Yoshida et al. [46] proposed a model which tangential forces are calculated by multi-
plying the normal force by a load-traction factor. This factor depends on the slip ratio of
the wheel. However, in this work the load-traction factor was not analytical derived, but
identified by velocity measurements. Based on the velocity data, the slip was obtained
and the traction force was calculated by the motor characteristics between the driving
torque and the angular velocity [46]. From this data the load-traction factor can be ob-
tained.
Another semi-empirical wheel-soil contact model, with flexible wheels is proposed by
Scharringhausen et al. (DLR) in [11] and in [37]. In order to calculate the sinkage of
the flexible wheel, the wheel is assumed to be rigid, firstly. In a second step, the ground
pressure is calculated to achieve the deflection of the flexible wheel. This deflected wheel
has a new shape, which is assumed as an ellipse in the section where the wheel is pene-
trated in soil [37]. In this approach, the wheel-soil contact surface is divided into three
parts. The equations for normal pressure, wheel sinkage as well as the soil shear displace-
ment have been modified for this three sections to take the elliptic shape of the flexible
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wheel into account.
2.3.1. Bekker Based Contact Model (BCM)
The Bekker based Contact Model (BCM) is a semi-empirical model developed by the
DLR. BCM calculates the reaction forces and torques between soil and wheel from the
current position and the velocity of the wheel. The velocity and position is given by
a MBS, which is connected to the wheel [3]. From this data the contact reactions are
computed based on the semi-empirical equations of Bekker, Wong and Janosi [45].
Furthermore, BCM is a one-step procedure, which means that the algorithm only uses
the information of the current time step [3]. The advantage of a one-step procedure is the
low computational effort, which is important for real time applications. For simulation
of BCM the Multi-Physics Modeling and Simulation Tool Dymola is used. The existing
BCM is the starting point which will be further developed within this Master Thesis.
For this reason, the functional principle and the equations of BCM are introduced in
Chapter 3.
2.3.2. Soil Contact Model (SCM)
Another semi-empirical model for wheel-soil contact simulation is the so-called Soil Con-
tact Model (SCM). The SCM was developed by the DLR and a detailed description can
be found in [20] and [22].
SCM is connected to a MBS which sets velocity and position of the wheel and it is also
based on the equations of Bekker, Wong and Janosi [45], with the corresponding
wheel, soil and Bekker parameters.
In addition to the soil parameters, SCM contains a description of the soil surface as a
Digital Elevation Model. This means that the soil surface is represented by a mesh, where
each grid node contains information about the height of the surface. As a result, it is pos-
sible to model soil deformations and surface topology. Furthermore, the wheel’s surface is
represented as a point cloud. The Digital Elevation Model of the soil and the point cloud
of the wheel is also used for contact detection between wheel and soil. From this contact
detection, a discretized footprint of the wheel in the soil is computed.
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Based on this footprint the Bekker equations are used to calculate the contact forces and
torques, which are given back to the MBS. The advantage of SCM is, that it considers
plastic deformations of soil and thus, bulldozing, multi-pass, as well as lateral guidance
can be modeled. However, this also means a higher computational effort compared to the
BCM algorithm.
3. Bekker Based Contact Model
In this chapter the equations and functional principle of the Bekker based Contact
Model (BCM) are briefly introduced. Note, that this introduction is based on the work
of Fabian Buse [3].
BCM needs as input values position and velocity of the wheel, provided by the MBS which
is connected to the wheel. From this input the algorithm computes the resulting 3D
contact reaction force vector f total and torque vector ttotal. These forces and torques are
the output of the BCM, which are given back to the connected MBS.
In addition to the input values, the BCM needs a set of parameters. As wheel parameters,
the BCM algorithm requires the wheel width bw and the wheel radius rw. In order to
calculate the grouser reactions, the height and width and the number of grousers are
needed as well. The soil is described by the density ρ, the friction angle φ, the cohesion c
and the Bekker soil parameters kc, kφ and n. Moreover the BCM algorithm requires a
set of independent parameters, which are briefly described in Table 3.1.
For simulation of BCM the Multi-Physics Modeling and Simulation Tool Dymola which is
based on the programming languageModelica is used [8]. Modelica is an object-orientated,
Table 3.1.: Independent BCM parameters.
Parameter Description
η The relation of the wheel-soil entry angle and the minimal
exit angle, as θexit = −η θentry
VCA Reference velocity for the adjustment of the velocity
dependent exit angle θexit
VJ Reference velocity for the determination of shear stress
from the slip velocity
D Damping coefficient for fD and tD computation
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equation based language and was developed especially for modeling of complex physical
systems [42].
For the contact detection between wheel and soil, the DLR Visualization Library is used,
as it provides a contact detection tool. DLR Visualization Library utilizes the Modelica
interface to the programming language C and it can be used with Dymola [15].
3.1. Coordinate Systems
As shown in Figure 3.1, the BCM algorithm uses five coordinate systems for computing
the wheel-soil behavior. The W [·] system is used to describe position and orientation of
the wheel in the world system. Moreover, FW [·] is the fixed wheel system which is used as
an auxiliary system parallel to the soil. The origins of the W [·] and the FW [·] system are
in the wheel center and the W [·] turns about the yf axis. The current rotation is described
by angle α, which is the angle between the xf and xw axis. For calculations at a contact
point, the C [·] system is used. In order to calculate the reaction forces and torques of one
grouser the G [·] system is used. Finally, there is the local contact plane P [·] system which
is given by the contact detection. The wheel tilt angle is β, as the angle between zf and
zp axis.
The W [·] system is given by the MBS, whereas the contact detection provides the local
contact plane P [·]. From these coordinate systems the position and velocity of the wheel




























Figure 3.1.: The coordinate systems of the BCM algorithm for β = 0 and without
grousers cf. [3].
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exit angle θexit and the entry angle θentry of the wheel-soil contact, which can be seen in
Figure 3.1.
For the description of the current local contact point C [·] system, two control variables,
θ and ξ are introduced. The circumferential angle θ turns about the yf axis and ranges
between exit angle to the entry angle θ ∈ [θexit, θentry]. ξ runs along the yf axis over





. The origin of the C [·] system is at the
point (0, ξ,−rw)T and the rotation about the yc axis from the current local contact point
C [·] system to the fixed wheel FW [·] system is defined as
FWTC (θ) =

cos θ 0 − sin θ
0 1 0
sin θ 0 cos θ
 . (3.1)
Note, that this rotation is in negative mathematical direction of rotation. Finally, the
BCM angles are summarized in Table 3.2.
3.2. Reaction Forces and Torques
The main principle of the BCM algorithm is a spatial integration of the local normal and
shear stress over the contact surface and the computation of all grouser reactions. The
normal and shear stress depend on the wheel velocity, the wheel sinkage, the contact plane
and the given soil and wheel parameters. This leads to the equations for the total three-
dimensional force vector Wf total and the torque vector Wttotal of the wheel-soil contact,
Table 3.2.: BCM angles.
Symbol Description
θexit Exit angle of wheel-soil contact
θentry Entry angle of wheel-soil contact
α Rotation angle of the wheel between the xf and xw axis
β Wheel tilt angle between zf and zp axis
θ Control variable in range θ ∈ [θexit, θentry]

























where WTFW is the rotation matrix from the fixed wheel to the world system. FWfSC and
FWtSC are force and torque vector of the contact surface, FWfG and FWtG the force and
torque vector of the grousers and FWfD, FWtD are the damping. KLim is a factor which
limits the vertical component of the contact reaction force. In case of an abrupt change
of the wheel load, the contact reaction force need to be limited, to prevent unphysical
behavior. In the following only the contact surface reactions FWfSC and FWtSC are con-
sidered. For the implementation of grouser, damping equations and KLim, the reader is
referred to [3].
3.3. Contact Surface
The computation of the contact surface reaction forces and torques are realized by an
integration of the stresses over the contact surface.
At the beginning, the contact detection supplies the local contact plane P [·] and from
this, the wheel sinkage z (ξ) can be obtained, which depends on the wheel tilt angle ξ. In









, ∀z (ξ) < rw
pi
2
, ∀z (ξ) ≥ rw
with sgn (0) = 1. (3.4)
Note that, FWvf,x is the longitudinal translational velocity of the wheel, thus θentry always
points in the direction of the longitudinal wheel motion. After that, the velocity dependent
exit angle θexit can be obtained as
θexit = −θentry
(
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When the translational velocity FWvf,x = 0, the exit angle is θexit = −θentry. On the other
hand, when FWvf,x is high, the exit angle converges to θexit = −ηθentry. The BCM param-
eter η sets the minimal θexit and with the parameter VCA, the rapidity of the convergence
can be adjusted.
For the local normal stress computation, the assumption is a quadratic normal stress
distribution over the wheel-soil contact surface, as
Cσ (θ, ξ) = θ2c1 + θc2 + c3 (3.6)
where c1, c2, c3 are the coefficients of the quadratic function. They can be obtained by
solving a system of equations which includes the original pressure-sinkage Equation (2.1)
from Bekker [45]. In order to compute the shear stress at each contact point, the three-








with CTFW as the rotation matrix from the fixed wheel system to the current contact
point which can be obtained from Equation (3.1). FWvf is the tangential velocity vector
of the wheel, while FWω is the rotational velocity of the wheel in the fixed wheel system.









After that, the local shear stress calculation at each contact point yields






















where Cτx is the local shear stress in longitudinal direction, whereas Cτy is the shear stress




)T is the tangential slip velocity from Equation 3.7.
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The shear stress computation is a modification of the empirical equation of Janosi and
Hanamoto (2.5) which has been discussed previously. Instead of the shear displacement
j, the slip velocity is used in order to predict the shear stress. Additionally, the BCM pa-
rameter VJ is used instead of the horizontal shear modulus. The maximal shear stress
Cτmax (θ, ξ) at each contact point is based on the Mohr-Coulomb failure criterion cf.
Equation (2.4), as
Cτmax (θ, ξ) =
[
c+ tanφ Cσ (θ, ξ)
]
. (3.11)
This assumption leads to a pure velocity-dependent relationship between the normal and
shear stress because the shear stress is no longer dependent on the shear displacement j.
As a consequence, the static friction is cannot be depicted from the BCM algorithm.
However, the advantage is a computation of the contact reaction forces and torques only
with the information of the current time step and without any data of previous time steps
which makes the calculation of the model significantly faster.
With the normal Cσ and shear stress Cτ at the current contact point, the infinitesimal
load CqSC (θ, ξ) can be obtained, as






Finally, the force over the contact surface FWfSC can be integrated with the infinitesimal









CqSC (θ, ξ) dθdξ. (3.13)
The contact surface torque vector FWtSC is defined as the cross product of the dis-
tance from the center of the wheel to the contact point FWrfc and the infinitesimal load
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3.4. Discretization of Contact Surface
In order to realize the integration of the stresses over the contact surface for simulation,
the contact surface is discretized to contact patches. These contact patches are described
in the C [·] system and the position of each contact patch is described as a pair of the
discrete position θi and ξj on the contact surface. The position values of each contact

















+ (j − 1) ∆ξ j ∈ {1, ...,m}. (3.16)
The contact surface is discretized in NSC = n ·m contact patches, where n is the number
of contact patches along the discrete angle θi in the interval of [θexit, θentry]. m are the






. ∆θ is the contact
patch length along the discrete angle θi, as well as ∆ξ represents the contact patch width










As a result of that, n and m are the resolution of the contact surface. The higher the
value NSC, the higher the density of contact patches on the surface and the smaller the
length ∆θ and width ∆ξ of the contact patch.
Each contact patch is now evaluated by using the analytical equations of 3.3 at its indi-
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vidual position with angles θi and ξj. For the normal stress Cσz(θi) Equation (3.6), for the
local slip velocity Cv (θi, ξj) Equation (3.7) and for the shear stress of the current contact
patch Equations (3.9), (3.10) and (3.11) are used. The normal and shear stress are used
to obtain the discrete load of each contact patch, as






Finally, the contact surface reactions forces and the torques, can be calculated by ap-











































The rotation matrix CTFW (θi) and the vector FWrfc (ξj) are derived from Equation (3.1)
and Equation (3.8) which must be evaluated at each contact patch (θi, ξj) which yields
FWTC (θi) =

cos θi 0 − sin θi
0 1 0
sin θi 0 cos θi
 . (3.22)
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and







4. Bristle Friction Modeling in BCM
The shear stress model of the existing BCM mainly considers the behavior of loose soil,
as loose, granular sand [45]. However, if the soil is compressed the existing BCM does
not model the behavior adequately. In case of a wheel-soil contact the soil is compacted
by the wheel load and the capability of the soil to absorb shear stress increases. At a
certain point however, the compressed soil failures and from this, the soil’s capability to
absorb shear stress decreases again. From this behavior, the idea arose to implement the
bristle friction model approach as the shear stress model to the existing BCM, because
the strain of a bristle follows a similar principle. A bristle, in the static regime, absorbs
an increasing value of deflection and when the threshold is reached the bristle changes
into the kinetic regime, from this moment the bristle absorb less deflection.
In order to adapt, the extended bristle friction model, which is introduced in 2.2.3, into
the existing BCM several modifications need to be done in the algorithm firstly. These
modifications are introduced in the beginning of this chapter in 4.1. Furthermore, a
suitable distribution and fixation of the bristles have to be found in order to model the
wheel-soil contact adequately. Within this thesis two implementations with different
fixation and distribution of bristles have been elaborated, which are introduced in 4.3
and 4.4.
4.1. General Modifications on Modeling
As already mentioned, several modification of the existing BCM algorithm and the ex-
tended bristle friction model need to be done firstly. For the new bristle implementations,
Equation (3.2) of total reaction forces and the Equation (3.3) of total reaction torques
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The new Equations show, that the term of grousers and the damping is omitted. The
grouser significantly influence the tractive performance of the wheel. In the new bristle
approaches however, the complete tractive performance will only be depend on the bristles.
As a result, the influence of the grouser must be already included in the bristles and thus,
the parameterization of the bristles will be depend on grouser properties, as shape, size
and height. The original damping term of BCM is omitted, because the damping term of
the bristle friction model, as in Equation (2.10), is used. As shown in 5.3, this damping
term achieves the better results.
The remaining terms fSC and tSC are modified in order to integrate the bristle friction
model. The first equations for the calculation of the entry and exit angle of the wheel
contact surface (Equation (3.4) and Equation (3.5)), the normal stress (Equation (3.6))
and the slip velocity vector (Equation (3.7)) can be adopted from the original BCM.
For the shear stress computation, a bristle is set to each contact patch of the discretized
wheel-soil contact surface. Each bristle in the new BCM needs as inputs the tangential
velocity vt and the normal stress σ. The latter is used instead of the normal force,
because the normal stress can be directly obtained from the original algorithm. For the
tangential velocity Cvt the first two entries of the slip velocity vector Cv evaluated at the
corresponding bristle position can be used, as




where Cvx is the longitudinal slip velocity and Cvy the axial slip velocity. After this, the
maximum bristle deflection of the bristle can be determined, as
Csmax (θi, ξj) =






∣∣∣∣Cvt (θi, ξj)∣∣∣∣ > vd




∣∣∣∣Cvt (θi, ξj)∣∣∣∣ ≤ vd. (4.4)
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Note that this equation refers to Equation (2.9) with the difference in using normal stress
instead of normal force. As already mentioned in 2.2.3 , vd is the velocity deadband which
is the boundary between the static and the kinetic friction regime. Through the case anal-
ysis in Equation 4.4, it can be determined whether the considered bristle is within the
static or kinetic regime.
Due to the modification of using normal stress the parameter units of bristle stiffness
kb and the bristle damping cb are changed and the parameters must be redefined. Suit-
able values for the bristle stiffness and damping are extensively discussed in the pa-
pers [12] and [28]. However, these discussions consider the original coefficients, which are
not related to an unit area as they are in the BCM implementations. For this reason,
suitable values for damping and stiffness are briefly investigated in 5.1.
The static friction coefficient µs can be assumed as the maximum possible friction case,
and therefore the knowledge of the maximum tangential stress from theMohr-Coulomb








c+ Cσ (θi, ξj) tanφ
Cσ (θi, ξj)
. (4.5)
Due to the friction limitation, it can be assumed that always µk < µs. However, µs is not
constant because it depends on σ which is location- and time-variable and thus, µk must
be depended on σ as well. In order to ensure that µk does not exceed µs, a new parameter
kkin as a reducing factor of the static friction coefficient is introduced in the following way




As a consequence, the equation of the maximum bristle deflection (2.9) is now modified
as follows
Csmax (θi, ξj) =






∣∣∣∣Cvt (θi, ξj)∣∣∣∣ > vd




∣∣∣∣Cvt (θi, ξj)∣∣∣∣ ≤ vd. (4.7)
This modification is used for both bristle friction model implementations with the benefit
that only kkin must be determined. kkin depends on the soil, as well as on the wheel,
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because the kkin stands for the residual tractive performance of the wheel-soil contact.
As a result, the value of kkin is also influenced by the wheel grousers. Therefore, the
parameter kkin must be individually identified by experiment for each wheel type.
After the maximum bristle deflection is determined, the time integration of Cvt follows in






Cs0 (θi, ξj) +
t∫
t0
Cvt (θi, ξj) dt, if




∣∣∣∣Cs (θi, ξj)∣∣∣∣ ≥ Csmax (θi, ξj) .
(4.8)
Where Cs is the resulting bristle deflection vector and Cs0 the start deflection of each
bristle. In case of the BCM simulation it is assumed that Cs0 = 0.
After the calculation of the bristle deflection, the shear stress vector of each bristle Cτ
can be determined as










Note that for the damping term, the tangential velocity vt(t) is used instead of using s˙(t)
as in Equation (2.10). The advantage is that vt(t) is already computed in contrast to
s˙(t) which must be numerical derived. However, Equation (4.8) shows that vt can only
be used as the derivative when Equation (4.8) is in the first case. This loss of accuracy is
accepted due to the significantly lower computational effort by using vt.
After this, the normal and shear stress are used to obtain the discrete load of each bristle,
as






The discrete loads of all bristles are summarized in order to obtain the surface contact
reactions fSC and tSC of the discrete wheel-soil contact surface.
The parameters for the contact surface discretization n and m, which are already used
in the original BCM implementation are now similar to the number of bristles NBristles.
These parameters are crucial for the computation effort, as well as for the accuracy of
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the results of the model. Thus, on the one side, the bristle number must be high enough
to obtain sufficient results and on the other side, the number must be low enough for a
reasonable computation effort - also with regard to real-time capabilities. For this reason,
the model is simulated with different bristle numbers in 5.2, in order to find an adequate
compromise between computation time and accuracy. For a better overview, all modified
or new bristle friction parameters of the new BCM extensions are summarized in Table 4.1.
Table 4.1.: Bristle Parameter of BCM extensions.
Parameter Symbol Unit
Bristle stiffness per unit area kb N/m3
Bristle damping per unit area cb Ns/m3
Kinetic coefficient kkin −
Velocity Deadband (Threshold) vd m/s
Resolution along the angle θi or θ˜i n −
Resolution along the width ξj m −
4.2. General Modifications on Implementation
Due to the time integration of Equation (4.8) it is necessary to have information about
the previous time steps. However, the current BCM implementation is executed by the
connected MBS simulation solver at each time step independently, without using any data
from a previous time step.
Through the implementation of the bristle friction model it is necessary to implement a
time integration block outside the BCM algorithm as it can be seen in Figure 4.1. The
benefits of a simplified computation by using only the information of the current time step
which is mentioned in Section 3.3 no longer apply. On the other hand, the shear stress is
now temporally dependent which conforms more closely with reality. Nevertheless, this
inevitably results in an increased computational effort.












Figure 4.1.: Additional time integration by using the bristle friction model. Left: origi-
nal BCM, right: BCM with bristle friction model.
4.3. Bristles Fixed on the Contact Surface (BFCS)
In this approach, the bristles are fixed to the contact surface as Figure 4.2 illustrates. In
order to achieve a better understanding of the method, the principle can be thought of as
a brush. In this case, the contact surface represents the brush and the wheel slides over
it. When the wheel starts to move it pulls the bristles of this brush and thereby, they are
strained. Note that the brush example has its limitations, because the assumed bristles
do not have any spatial dimension.
The bristles are placed uniformly in the discretized contact surface, as Figure 4.3 shows.
Each bristle is positioned in the center of one contact patch and thus, the number of






















Figure 4.2.: Bristles fixed to the contact surface.













Bristle (θ1, ξ1) Bristle (θn, ξ1)
Direction of wheel movement
Bristle (θ1, ξ1) at t1






Figure 4.3.: Bristles fixed to the contact surface in top view.
bristle positioning is, that the local contact point C [·] coordinate system of the original
BCM can be completely adopted.
On the other hand, this algorithm is disadvantageous when the size of the contact surface
is changing during the simulation. A variation of contact surface size changes, among
others, the exit angle θexit and the entry angle θentry and thus, the step sizes ∆θ and ∆ξ
are changed as well. This leads to a changing size of the contact patches, the resolution
of the discretization and the bristle distance, as can be seen in Figure 4.4. At time point
t0 the sinkage of the wheel is higher than at time point t1. As a result, the length of the
wheel-soil contact surface decreases from t0 to t1 and the bristles are at different positions
within the wheel surface form t0 to t1. This means, that different tangential velocities vt
are used in t0 and t1 for the bristle deflection computation, which increase the oscillation







Figure 4.4.: Changing size of the wheel-soil contact surface from t0 to t1 (in top view).
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4.4. Bristles Fixed on the Wheel Surface (BFEW)
In order to prevent the changing bristle position, an alternative approach was developed.
This second bristle friction implementation assumes that each bristle is placed on a fixed
location on the wheel surface. The bristles are homogeneously distributed over the entire
wheel surface and not only within the wheel-soil contact surface.
However, it is necessary to define a new coordinate system for the bristles, the C˜ [·] co-
ordinate system. Starting point of the bristle distribution is αB, which is obtained from
the rotation angle between the W [·] system and the fixed wheel system FW [·] around the
common y-axis yf , yw. Due to αB, it is ensured that each bristle remains on its position
on the wheel surface. As already mentioned in 3, the position and velocity of the wheel is
determined by the connected MBS and thus, the wheel rotation can directly be obtained.
Thus angle αB inherits the wheel rotation and it is defined that the base is the negative
unit vector C˜ez with the interval
αB ∈ [0, 2pi] . (4.11)





















































+ (i+ 1) ∆θ˜ i ∈ {1, ..., n} (4.14)
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+ (j + 1) ∆ξ j ∈ {1, ...,m}. (4.15)









∆θ˜ is independent from the entry angle θentry and the exit angle θexit and thus the size
of each contact patch is constant during simulation. The bristles are homogeneously
distributed on the entire wheel surface instead of a distribution only within the wheel-soil
contact surface. The number of bristles is NBristles = n · m, where n is the number of
bristles around the wheel circumference and m the number along the wheel width. For
better understanding, the bristle positioning is illustrated in Figure 4.5. In addition, it
can be seen that each bristle has a fixed relative position to αB and thus, the bristle can
be either in contact with the soil or outside the contact surface.




at different times during the rotation of the wheel.
Every time when the bristle enters the contact surface, it will be strained and only within
that time (t2 in Figure 4.6), the bristle contributes a portion to the total shear stress.
When the bristle leaves the surface it will be discharged again. In this case (t1 and t3


































Figure 4.5.: Homogeneous wheel fixed bristle positioning.

















Figure 4.6.: Bristles fixed on the wheel surface (Top: side view, bottom: top view).
Left: time t1; the considered bristle is outside the contact surface.
Center: time t2; the considered bristle has entered the contact surface.
Right: time t3; the considered bristle has left the contact surface.
Figure 4.6 (lower) shows that the numbers of bristles which are within the contact surface
can be changing during the simulation. At time t1 and t2 six bristles are within the
contact surface, whereas at time t3, only four bristles are currently in contact with the
soil. This leads to an additional error in the simulation. For this reason, the contact
patch resolution, respectively the number of bristles, must be high enough to keep this
error negligibly small.
The input values of this bristle friction model implementation are the same as the previous
algorithm. However, the local slip velocity is now computed with the new coordinate










The normal stress is only taken into account if the bristle is within the wheel-soil contact
surface. For this reason, the considered bristle is firstly checked if it is currently inside the
surface. In other words, the angle θ˜i must be within the interval [θexit, θentry]. However,
both angles are not running in the same range and therefore, θ˜i is converted to compare
it directly with the exit and entry angle. The possible range of angle θ˜i is in the interval
of [αB, αB + 2pi] and the wheel rotation angle αB is within [0, 2pi[. From this follows that
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θ˜i can be in the interval of [0, 4pi[ and the conversion to θ˜iconv needs to be
θ˜iconv =

θ˜i if θ˜i ∈ [0, pi[ ,
θ˜i − 2pi if θ˜i ∈ [pi, 3pi[ ,
θ˜i − 4pi if θ˜i ∈ [3pi, 4pi[ .
(4.19)
The converted angle θ˜i is used for the normal stress computation with Equation (3.6)
and the additional case analysis, if the bristle is within or outside the wheel-soil contact




iconvc1 + θ˜iconvc2 + c3 ∀θ˜iconv ∈ [θexit, θentry] ,
0 ∀θ˜iconv /∈ [θexit, θentry] .
(4.20)
After the computation of the tangential velocity and the normal stress at each bristle, the
maximum bristle deflection can be obtained by using the same equation as (4.7) with θ˜i
instead of using θi.
For the calculation of the bristle deflection Equation (4.8) is used with θ˜i and an additional

























∣∣∣∣∣∣C˜s(θ˜i, ξj)∣∣∣∣∣∣ ≥ C˜smax (θ˜i, ξj)
0 if θ˜i /∈ [θexit, θentry] .
(4.21)
Note that s0 at t0 is assumed as zero again. Moreover, the additional condition also
ensures that the bristle discharges when it leaves the wheel-soil contact surface. Finally,





is obtained by using Equation (4.9) and Equation (4.10) with the new control
variables θ˜i and ξj. The contact surface reaction vectors FWfSC and FWtSC are obtained by









. In case of BFEW, the integration of the surface reactions forces and
torques is over the entire wheel surface, instead of wheel-soil contact surface. In order
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to ensure that there is no contribution of bristles outside the wheel-soil contact, C˜τ is
automatically zero if the bristle is outside the contact surface.
4.5. Model Discussion
This chapter has shown, which modifications need to be done in order to integrate the
extended bristle friction model into the existing BCM. An important issue is to find a
reasonable fixation and distribution of the bristles for the wheel-soil contact. As a result,
two different approaches have been introduced. The BFCS approach with bristles, which
are fixed on the contact surface and the BFEW approach with bristles, fixed on the wheel
surface.
The bristles of both BCM extensions can be assumed as linear springs from a physical
point of view. In other words, the obtained tangential stress model of the wheel-soil
contact is now realized by a number of springs. These springs can only be loaded in
the tangential plane of the corresponding contact patch. Each spring contributes a small
portion to the shear stress or the friction force, respectively, of the wheel-soil contact
surface. The spring’s load, is limited and this limitation depends on whether the contact
is in static or kinetic regime.
5. Model Analysis
In the following chapter, the introduced BCM extensions are analyzed with Dymola, in
order to investigate suitable values for bristle parameters. For this reason, several tests
with a single wheel are simulated. The single wheel visualization in Dymola can be seen
in 5.1.
In Table 5.2, the values for the independent BCM parameters, as well as the velocity
deadband vd and the kinetic coefficient kkin are listed and used for all simulation tests.
The values of the independent BCM parameters are chosen from previous simulation tests.
vd should be chosen low enough, as the simulation accuracy increases when this parameter
is smaller. However, it is possible that the simulation solver misses a switching condition
and the algorithm incorrectly remains in the previous regime when vd is too small [24].
For this reason, the velocity deadband is set vd = 0.01 m/s, because this value distinctly
lies under the common occurring wheel velocities.
For these simulation tests, the kinetic coefficient is initially set to kkin = 0.55, but later it
Figure 5.1.: Single wheel simulation in Dymola.
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needs to be identified in experiments. The wheel radius in this simulation is rw = 0.125 m
and the wheel width is bw = 0.1 m. Furthermore, RMCS-1 - a quartz sand - is used as
soil. In Table 5.1, the Bekker soil parameters kc, kφ, n, as well as the cohesion c and
the friction angle φ for different types of soil can be found.
Table 5.1.: List of soil parameters.
Cohesion c, Friction angle φ and Bekker parameters kc, kφ, n, from [1] [3].
Soil c [kPa] φ [◦] kc [kN/mn+1] kφ [kN/mn+2] n [−]
Quartz (RMCS-1) 71.9 30.5 −1.07 · 104 1.13 · 106 0.97
MSS-D (RMCS-2) 66.5 36.7 −2.86 · 102 2.47 · 108 2.49
Lava (RMCS-3) 101.8 31.0 −5.62 · 103 1.85 · 107 1.74
Lime / Feed lime (RMCS-13)1 - 38.0 7.08 · 103 2.99 · 104 0.829
Moreover, the settings of Dymola’s Rkfix4 solver are also listed in Table 5.2, which are
always the same, unless indicated otherwise. Finally, it should be noted that all simulation
tests are performed on a standard office PC.
Table 5.2.: BCM parameters and solver settings for simulation.










Fixed Integrator Step 0.001 s
Tolerance 0.0001 −
1The cohesion of RMCS-13 was not measurable and for this reason, the cohesion value was set to 1 in
the BCM simulation.
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5.1. Bristle Coefficients
In the beginning, suitable values for the bristle damping cb and stiffness kb need to be
found. In [24], it is suggested to increase the stiffness kb in a stick-slip test, while consider-
ing relative velocity between the contact bodies. At a certain point, the differences of the
relative velocity at increasing bristle stiffness are hardly changing and further increasing
stiffness only influences the computational effort [24].
The stick-slip test, which is mentioned in [24] is not suitable for testing the wheel-soil
contact model and a different test scenario has been chosen. The wheel runs a straight
trajectory on a soil plane with constant angular velocity which is set to 2 rad/s after one
second. The radial number of bristles is set to n = 100 and the axial number of bris-
tles is m = 1 and thus, the total number of bristles is NBristles = 100. In order to save
computational effort, the visual contact detection is deactivated and the x-y plane is used
as soil-plane. Furthermore, the bristle damping coefficient is set to cb = 0 in order to
investigate the bristle stiffness separately. The results of different bristle stiffnesses can
be seen in Figure 5.2. In the upper plot, the BFCS implementation is illustrated and in
the lower Plot, the BFEW implementation. Both implementations show an unrealistic
behavior for an insufficient bristle stiffness. While the BFCS reaches the desired velocity
with a strong oscillation, the BFEW implementation remains at a lower velocity. Fur-
thermore, in the BFCS, it can be seen that a higher stiffness leads to lower oscillation.
However, the oscillation remains at a certain level, despite an increasing bristle stiffness,
whereas the period of the oscillation changes with different stiffness and thus, the oscil-
lations are dependent on the bristle stiffness. This remaining oscillation is a result of the
mentioned effect, which was discussed in Section 4.3. On the other side, the oscillation
in the BFEW implementation disappears almost completely with increasing stiffness. As
suitable values, 300000 N/m3 to 500000 N/m3 seem to provide adequate results.
Figure 5.3 shows the behavior of both implementations with different bristle damping
coefficients. The damping leads to a significant reduction of the oscillation in both im-
plementations. However, it is important to remember to choose the damping coefficient
low enough, as it does not model a physical behavior, but it is only used as a numerical
damping. Suitable values for the damping coefficient cb are 40000 Ns/m3 to 60000 Ns/m3,
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Figure 5.2.: Different bristle stiffness coefficients kb. Top: BFCS, bottom: BFEW.
because the values in this range suppress the oscillation adequately for both BCM exten-
sions as can be seen in Figure 5.3.
As can be seen in both figures, the oscillation is significantly stronger in the BFCS im-
plementation. This is due to the possible change of the distance from one bristle to the
next one during the simulation, which induces the unintentional oscillation as mentioned
in Section 4.3. However, the effect can be suppressed with a high damping coefficient, as
the upper plot of Figure 5.3 shows.
5.2. Number of Bristles
Another important parameter is the number of bristles NBristles, which is the crucial value
for the computational effort, as well as the accuracy. On one side, NBristles must be high
enough so that the error of discretization is as low as possible and on the other side,
NBristles should be as low as possible in order to keep the computational effort low. The
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Figure 5.3.: Different bristle damping coefficients cb. Top: BFCS, bottom: BFEW.
latter is especially important for usage in a real-time environment.
For this reason, the next test is performed in order to investigate the effect of different
numbers of bristles. Thus, the same test is run with a different number of bristles and
the bristle stiffness and damping parameters are constant and set to kb = 500000 N/m3
and cb = 40000 Ns/m3. However, only the radial number of bristles n is changed, while
the number of bristles along the wheel width is always m = 1, because the latter has no
influence on this test scenario. The angular velocity of the wheel is locked to zero during
the simulation and thus, each bristle remains at its initial position which simplifies the
observation of the bristles. Hence, the wheel is only constantly drawn in longitudinal
direction with two different velocities. The wheel is pulled with a translational velocity
of v = 0.005 m/s, within the first 10 seconds. After this time, the translational velocity is
immediately changed to v = 0.015 m/s. This test configuration allows to investigate the
transition at the velocity deadband vd = 0.01 m/s from the static regime to the kinetic
5 Model Analysis 47
Table 5.3.: Simulation time of different bristle numbers.
Number of Bristle Computation time in s of BFEW Computation time in s of BFCS
n = 11 17.7 17.5
n = 31 29.4 45.2
n = 51 40.2 68.6
n = 101 67.3 135
n = 301 184 390
n = 1001 606 1350
regime. In Table 5.3 the computation times of all tests with different radial numbers of
bristles n are listed and it shows that the computational effort linearly rises with O(n)
and the computation time of BFCS is two times higher than BFEW.
In case of BFEW, not every bristle is calculated, because only the bristles within the wheel-
soil contact surface, which is n/2 at the maximum, need to be computed. Due to this fact,
it becomes clear that in application, the radial number of bristles in BFEW should be
chosen significantly higher than in BFCS to ensure, that there are always enough bristles
within the contact-surface.
In order to achieve an equal bristle density within wheel-soil contact surface for both
implementations, the radial number of bristles between BFEW and BFCS should have
the relation
n BFEW ≈ 2pi|θentry|+ |θexit| n BFCS. (5.1)
Under the assumption that n BFCS = 20 and the angle of the wheel-soil contact surface
is |θentry| + |θexit| = 60 ◦, it leads to a sixfold radial number of bristles n BFEW = 120 in
BFEW, to ensure that at least 20 of these bristles are within the contact surface. However,
the angles θentry and θexit are time-varying and they are also strongly dependent on the
soil. As a result, this example is not universal, but it serves as a rough estimation and
it shows that in application, the radial number of bristles should always be set distinctly
higher in BFEW than in BFCS.
In Figure 5.4, the normalized shear stress is related to the simulation time (upper plot)
and to the bristle deflection of one bristle (lower plot) for BFCS and Figure 5.5 shows the
same results for the BFEW implementation. In order to compare the bristle deflections,
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Figure 5.4.: Different radial numbers of bristles n for BFCS.
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Figure 5.5.: Different radial numbers of bristles n for BFEW.
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the bristle with the deepest penetration, respectively the bristle at the lowest point of the
wheel surface is always considered for the lower plots of Figure 5.4 and Figure 5.5.
In either case, it can be seen that the shear stress increases until it reaches its maximum
after approximately seven seconds. This implies that the strains of the bristles which
have soil contact, continuously increase after the wheel started to be drawn. At the point
in time, where the shear stress reaches its maximum, every bristle reached maximum
deflection smax = ssmax, because the system is in the static regime. After 10 s, the velocity
is set to v = 0.015 m/s and thus, the tangential slip velocity of each bristle exceeds the
velocity deadband vd = 0.01 m/s and the system changes into the kinetic regime, leading to
the lower maximum deflection smax = skmax. The change of maximum deflection results
in an abrupt decrease of the shear stress at t = 10 s, and the residual shear stress τ is now
dependent on kkin.
With an increasing number of bristles, the error of discretization decreases, as can be seen
in Figure 5.6. This figure illustrates the normalized root-mean-squared error of different
numbers of bristles related to the simulation with 1001 bristles. The error is less than
1 % for any number of bristles, except the simulation with n = 11 and BFEW, in which
it is more than 4 % . The error can also be seen in the upper plot of Figure 5.5. At a
simulation time of approximately 2 s, an abrupt change of the shear stress increase can be
seen. Figure 5.6 also shows that the error of all simulations from 100 bristles are barely
changing, which means that simulations with more than 100 bristles have no further
benefit. Moreover, the error is distinctly less than 1 %, from n = 11 for BFCS and from
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Figure 5.6.: Normalized root-mean-squared error of different numbers of bristles.
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n = 31 for BFEW. For that reason, a recommended number of bristle is NBristles ≈ 20
for the BFCS approach and NBristles ≈ 120 for BFEW. This large number of bristles for
BFEW is supposed to ensure that always enough bristles are within the wheel-soil contact
surface.
5.3. Damping Comparison
As mentioned in 3, the original BCM algorithm provides a damping force fD and a
damping torque tD, as well as the bristle friction model extensions provide a damping
term, as shown in Equation (2.10). The original BCM applies a damping force and torque
to each contact patch directly, whereas in the BFCS and BFEW approach, a damping
applies to each bristle. For that reason, both damping approaches are compared in the
following section in order to find the most suitable damping approach.
In Figure 5.7 the wheel sinkage of the different damping approaches can be seen for both
BCM extensions. In this test scenario the wheel moves straight with an acceleration
ramp of 2 rad/s2 until it reaches an angular velocity of 4 rad/s. In both cases, the bristle
damping yields a better result and only with this damping approach it reaches a stationary
behavior.
In case of the BFCS implementation, the original damping approach has no effect on the
oscillating wheel sinkage, because this oscillation is caused by the changing bristle position
within the contact surface and thus, it can only be adequately suppressed by the bristle
damping. In contrast, both damping approaches have an effect on the BFEW algorithm,
but the oscillation remains at a lower level if the original damping is used. This is a result
of the bristles, which enter and leave the wheel-soil contact surface while the wheel turns
and this effect induces also a slight oscillation. A damping of this phenomenon can only
be done by damping the bristle directly. As a consequence, simulation results of this test
scenario show that for both BCM extensions the bristle damping should be preferred.
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Figure 5.7.: Different damping approaches. Top: BFCS, bottom: BFEW.
5.4. Bristle Behavior Comparison
The different implementation of both BCM extensions have different effects on the behav-
ior of the bristles. Each bristle in the BFCS implementation is always in contact with the
surface and thus, each bristle is always exposed to a strain when the wheel is in motion,
whereas a bristle of the BFEW approach is only strained when it is within the contact
surface.
For this reason, in Figure 5.8 and Figure 5.9 the differences of both implementations are
shown, when the driven wheel reaches the stationary state with an angular velocity of
ω = 3.2 rad/s, which corresponds to v = 0.4 m/s by assuming zero slip and the wheel radius
rw. In Figure 5.8, the tangential slip velocity in x-direction Cvt, x, the maximum deflec-
tion Csmax, x, the bristle deflection Csx, as well as the velocity deadband vd of one bristle
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Figure 5.8.: Tangential velocity and bristle deflection of BFCS implementation.
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Figure 5.9.: Tangential velocity and bristle deflection of BFEW implementation. Top:
tangential velocity, bottom: Maximum deflection and bristle deflection.
in the local contact system are plotted against the x position of the x-y plane, which is
used as the soil plane. It can be seen, that the bristle’s deflection of the BFCS approach
reached its maximum deflection and it remains at the maximum in steady state. The
tangential slip velocity has an oscillation, which remains even with damping. An expla-
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nation for this oscillation is the already mentioned problem of the changing position of
the bristle within the wheel-contact surface, as described in Section 4.3. As a result, the
tangential slip velocity is used from different positions during the test and this leads to
its oscillation.
On the contrary, the course of the longitudinal entry of the tangential velocity in the
local contact point system C˜vt, x of a bristle in the BFEW approach has a completely
different behavior due to its fixed position on the wheel surface, as it can be seen in the
upper plot of Figure 5.9. C˜vt, x of one bristle has a sinusoidal course as the black dotted
line indicates, however the BFEW implementation sets C˜vt, x to zero when the bristle is
outside the contact surface and thus, the effective course is represented by the full black
line. In the lower plot of Figure 5.9, the corresponding maximum deflection C˜smax, x and
the current deflection C˜sx of the bristle against the position x are plotted and it can be
seen that both courses follow the switching condition of C˜vt, x from zero to non-zero value,
when the bristle enters the contact surface. Furthermore, the maximum bristle deflection
of the corresponding bristle follows a quadratic course, while the bristle runs through
the entire contact surface, which is caused by the quadratic normal stress distribution of
Equation (4.20). The current bristle deflection of the corresponding bristle is increasing
continuously, while the bristle runs through the contact surface, until it reaches the limit
given by the maximum deflection at x ≈ 0.11 m. Now the increase of the deflection is
stopped and it follows the limitation of C˜smax, x until the bristle leaves the contact surface
again.
Finally, these simulation results showed that the bristle friction model can be successfully
integrated in the existing BCM model. In a next step, the model must be validated and
for this reason, a test campaign on the SWT was performed which is described in the
following chapter. After this, a final evaluation of BFCS and BFEW can be found in 7.5.
6. Experiment on the Single-Wheel
Testbed (SWT)
In this chapter, the performed wheel experiments which are supposed to validate the model
extensions are discussed. As already mentioned, the SWT as it can be seen in Figure 6.1,
is used in order to identify the wheel reactions, as well as the model parameters [30]. For
the tests, a loose lime, called “RMCS-13” is used as soil. It’s Bekker soil parameters can
be found in Table 5.1.
6.1. Hardware
A schematic diagram of the current testbed at the RMC can be seen in Figure 6.2. The
testbed is composed of a soil bin and a rail above the bin. A rover wheel is attached
Figure 6.1.: Single-Wheel Testbed at the RMC.
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Figure 6.2.: Single-Wheel Testbed (schematic diagram).
to a motor which is connected to the suspension above by a force torque sensor. This
suspension is fixed to a sled composed of two linear guides connected via a bar, which
moves on the rail. The wheel suspension is a parallelogram kinematic, which has a freedom
of movement, as the dashed arrow indicates in Figure 6.2. The configuration of the
parallelogram kinematic enables the wheel to move free in z-direction, whereas it prohibits
a free lateral movement (y-axis).
The SWT sled contains the control unit of the wheel and the sensors and if no test is
performed the wheel can be suspended from this sled. In order to measure the drawbar
pull force of the wheel, an additional rope can be used which is fixed on a rope drum on
the one side and connected to the sled on the other side. The drawbar pull sensor, which
is a load cell, is attached to the sled.
In order to setup a specific normal wheel load, a counterweight is used which is attached
via a wire rope hoist to the wheel base, as can be seen in Figure 6.2.
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6.2. Modular Wheel
For the experiment modular wheels are used, as illustrated in Figure 6.3. The advantage
of this kind of wheel is that the wheel width and the number of grousers, as well as the
grouser size can be modified and thus, it is possible to test a lot of different wheel designs
and the influence of the grousers can be observed. The wheel used in this tests has a
radius of 0.125 m and a width of 0.100 m and the number of grousers is set to 12. The
shape of the grousers is rectangular and they have same width as the wheel surface which
is 0.100 m.
For the first tests, wheels with different grouser heights, as well as a wheel without
grousers, have been used. Later, for the model’s validation and parameter identification
only two different wheels have been tested, in order to perform all tests in a reasonable
amount of time. The chosen wheels have the grouser heights hG = 0.0075 m (Wheel1) and
hG = 0.020 m (Wheel2).
6.3. SWT Soil
6.3.1. Soil Preparation Methods
At the beginning of each experiment, the soil is loosened and then compressed in order to
achieve constant test conditions. For this reason, it is important to determine an explicit
Figure 6.3.: Modular wheels, with different grouser heights.
From left: 1. no grousers; 2. grouser height = 2 mm;
3. grouser height = 15 mm; 4. grouser height = 20 mm
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soil preparation method to ensure reproducibility of the experiment [5].
In the existing method, the soil is compressed by applying pressure to the soil with a
styrofoam tile. The tile is placed at one end of the soil bin and a person starts to walk on
the tile in a certain defined number of small steps. This procedure is repeated step-by-step
for the entire soil surface. However, the problem of this compression method was that
the styrofoam tile has not covered an entire wheel lane. As a consequence, this increases
the probability of inhomogeneous soil compression, as well as an uneven soil surface, even
in the same wheel lane. The effect of inhomogeneous compression can be seen on the
left of Figure 6.4, which shows the old compression method of the SWT field campaign
2015. The unevenness of the soil surface is distinctly noticeable on the left side and there
are also transitions visible, where one styrofoam tile ended and the next started. At this
position the probability is particularly high that the soil condition changes, especially if
different people stand on each styrofoam tile.
Due to these weaknesses regarding the soil homogeneity, a new soil compression method
was elaborated in order to increase the homogeneity of soil. In order to compress the soil,
a new tool was built, as it can be seen in Figure 6.5 which make it possible to compress
one entire lane of soil in one step. After the soil has been loosened, the soil compression
tool is placed on the soil, parallel aligned to the boundaries of the soil bin. Afterwards,




Figure 6.4.: Different soil compression methods. Left: old compression method with
styrofoam tiles.
Right: new compression method with soil compression tool.
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Figure 6.5.: Soil compression tool (left) and soil compression process (right)
of steps. Simultaneously, the people shift their weight alternatively on either sides. Marks
on the tool surface help the people to keep the distance of the defined steps. The result
of the new method is illustrated on the right of Figure 6.4 and it can be seen that the soil
surface is more even and no transitions are present. The detailed instruction of this new
soil preparation method can be found in Appendix A.2 and it should be mentioned that
all tests described in this chapter are performed with this new method.
6.3.2. Soil Density
As a part of this work, the density of the soil was measured in different positions within
the soil bin after soil compression in order to investigate the homogeneity of the new
soil compression method. In order to identify the density, a tool which is illustrated in
Appendix B is penetrated in soil in a manner that it is filled with a certain volume of soil.
After this, the volume of soil is weighed and the density is determined by calculating the
relationship between mass and volume. The mean density of the compressed RMCS-13
soil is ρRMCS−13,comp = 1078 kg/m3±177.8 and detailed results can be found in Appendix B.
6.4. Limitations of the SWT
In the following, the limits of the SWT are briefly discussed, which should always be
considered if a test performed or measurement is interpreted.
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6.4.1. Lane Width
In order to prevent all cross-influencing between tests, a minimum lane width between
each test must be satisfied. An estimation of the SWT minimum lane width can be
determined by considering the soil load distribution [41], [45], as illustrated in Figure 6.6.
The equation of the minimum lane width WLane, which is also used in [3], yields




tan (45 °− φ)
)
, (6.1)
where bw is the wheel width and φ is the friction angle of the soil. The friction angle of
the soil RMCS-13, which is used in all experiments, is 38 ° and the width of the wheel
is bw = 0.1 m. From these values, a minimal lane width of WLane = 0.74 m follows.
Due to the soil bin width of 2.8 m, a compromise needs to be found in order to perform
tests within a reasonable amount of time. A lane width of WLane = 0.60 m is used as a
compromise to achieve four wheel lanes in the soil bin.
6.4.2. Resistance of the Rail
When a wheel moves in driving direction during a SWT test, it has to overcome not only
the motion resistance of soil but also the inertia of the wheel suspension and the resistance
of the rail. The latter is induced by the friction between the linear guides and the rail
and must be taken into account in the measurement’s interpretation.
The resistance was measured by suspending the wheel and pulling the wheel suspension
with the drawbar pull rope. This rope is connected to the sled via the load cell, which
bw
φ
45 ◦ − φ 45 ◦ − φ
l = 2htan(45 ◦−φ)
WLane
h = bw2 tanφ
Figure 6.6.: Estimation of the SWT lane width WLane by considering load distribution
of the soil, cf. [45].
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measures the pulling force. The measurement results for both directions can be found in
Appendix C. It can be seen that the resistance depends on the position of the sled, as
well as the relative velocity between rail and sled.
When the wheel suspension is moved backwards, an additional resistance has to be over-
come. It is caused by the drawwire sensor, which is used for the position and velocity
measurement. In this case, an extra force is needed to extract the sensor wire, from the
rope capstan [44].
6.4.3. Wheel Suspension Kinematic
Due to the constrained freedom of movement of the parallelogram kinematic, the wheel
suspension either increases or decreases the wheel sinkage, depending on the moving
direction. If the resistance between the sled and rail is too high or if the sled is completely
fixed to the rail, and simultaneously the soil is not able to absorb the contact reaction
forces and torques the soil will fail and the wheel will follow the limited direction of
movement of the kinematic. As a result, the wheel digs in the soil and gets stuck, as can








Figure 6.7.: The wheel suspension benefits the wheel sinkage.
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6.4.4. Counterweight
Due to the wire rope hoist fixation of the counterweight, an oscillation is induced during an
experiment. Particularly at the beginning of experiment, when the translational velocity
changes abruptly, the counterweight begins to oscillate because of its inertia. Despite
an adequate fastening of the counterweight, it can not be completely avoided that this
oscillation is transmitted to the wheel suspension and thus, this effect is also visible in
the measurement.
6.5. Test Scenarios
Within this thesis, three different test scenarios were performed in order to identify the
parameter of the models and validate the models. For the parameter estimation and the
investigation of the shear failure behavior the Wheel Slip Test and the Wheel Pull Test
are performed, whereas the Free Slip Test is used for validation.
For the Wheel Slip Test, the sled is fixed and as a result the wheel has zero transla-
tional velocity v during the experiment whereas the angular velocity ω is set constant and
nonzero. As a consequence, the wheel turns on the spot. However, the angular velocity ω
needs to set negative, that the wheel would move against the common driving direction,
if the sled would not be fixed to the rail. The reason for this is the limitation of the
wheel suspension kinematic, which was already mentioned in 6.4.3. If the wheel would
turn with positive angular velocity ω, it would immediately get stuck in soil, because in
this direction the wheel suspension benefits a wheel sinkage, as it can only move down
as indicated in Figure 6.7. Due to this, the wheel would rapidly sink and the experiment
would need to be stopped after a few seconds because the motor needs to be shut down
by the reached current limit. As a consequence, the Wheel Slip Test is performed with
negative angular velocities. In this direction the kinematic of the suspension does not
benefit the wheel sinkage.
In case of the Wheel Pull Test, the wheel is blocked, which means that the angular veloc-
ity ω is zero during the experiment and the wheel suspension is pulled with the drawbar
pull rope. As a result, the wheel slides over the soil surface along the entire testbed
length. Note, that for this test, the rope is diverted with a guided roll in order to pull the
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wheel suspension in the common movement direction as shown in Figure 6.2. In both test
scenarios, reaction forces and torques of the wheel-soil contact are investigated and the
parameter kkin, which depends on the soil and the grouser height, is identified. Table 6.1
and Table 6.2 show all test configurations of the Wheel Slip Test and the Wheel Pull Test.
Note that each test configuration is repeated at least three times and each Wheel Pull
Test is performed with multi-pass iterations.
In case of the Free Slip Test the angular velocity is set to constant values and the trans-
lational velocity is time-varying and depends on the slip i. The slip i is defined as
i = 1− v
ωrw
, (6.2)
where v is the longitudinal translational velocity of the wheel, ω the angular velocity of
the wheel and the wheel radius rw. During the Free Slip Test, the wheel suspension is
able to move freely. The wheel moves along the entire testbed length and overcomes the
resistance of the soil and the resistance induced by the friction of the wheel suspension
rail contact. The measurements of the reaction forces and torques are used in order to
investigate the validity of the model extensions. The test configuration of the Free Slip
Test are finally listed in Table 6.3. Also, each Free Slip Test configuration is repeated at
Table 6.1.: Settings of the Wheel Slip Test.
Test configuration ID 1 2 3 4
Wheel Wheel1 Wheel1 Wheel2 Wheel2
Translational velocity vDBP 0 m/s 0 m/s 0 m/s 0 m/s
Angular velocity ω −0.8 rad/s −1.6 rad/s −0.8 rad/s −1.6 rad/s
Table 6.2.: Settings of the Wheel Pull Test.
Test configuration ID 5 6 7 8
Wheel Wheel1 Wheel1 Wheel2 Wheel2
Drawbar pull velocity v 0.05 m/s 0.1 m/s 0.05 m/s 0.1 m/s
Angular velocity ω 0 rad/s 0 rad/s 0 rad/s 0 rad/s
Iterations (multi-pass) 2 2 2 2
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Table 6.3.: Settings of the Free Slip Test.
Test configuration ID 9 10 11 12
Wheel Wheel1 Wheel1 Wheel2 Wheel2
Desired
translational velocity vDes 0.1 m/s 0.2 m/s 0.1 m/s 0.2 m/s
(Zero slip assumed)
Angular velocity ω 0.8 rad/s 1.6 rad/s 0.8 rad/s 1.6 rad/s
Iterations (multi-pass) 2 2 2 2
least three times and performed with multi-pass iterations.
6.6. SWT Simulation in Dymola
In order to achieve adequate simulation results, which can be compared to the performed
test scenarios of 6.5, the SWT was implemented in Dymola. The SWT visualization of the
simulation is illustrated in Figure 6.8. For suitable simulation results, it is important to
implement the friction between wheel suspension and rail, which depends on the position x
in the testbed and the translation velocity. As a consequence, the measurement results
of the experiment, described in Section 6.4.2 and shown in Appendix C are curve-fitted
and stored in a 2D look-up table in the SWT model. For the curve-fit a polynomial with
Figure 6.8.: Dymola simulation of the SWT.
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Table 6.4.: Polynomial coefficients of curve fits.
Polynomial coefficients k1 k0
v = −0.1 m/s −3.37 −28.06
v = −0.5 m/s −3.40 −26.75
v = −0.025 m/s −3.32 −25.90
v = 0.025 m/s 2.971 0.1674
v = 0.05 m/s 3.366 0.232
v = 0.1 m/s 4.616 0.02926
a degree of one is used, as
fx = k1x+ k0, (6.3)
where x is the testbed position, as well as k1 and k0 are the polynomial coefficients of the
fits and depend on the relative velocity between rail and wheel suspension. All values for
k1 and k0 for all velocities, which are measured and fitted, are listed in Table 6.4. For
other velocities, Dymola interpolates curves, stored in the 2D look-up table, linearly [8].





























Figure 6.9.: 2D look-up table of the rail wheel suspension resistance.
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simulation, the SWT model has been developed with all features of the real SWT. As a
result, the same input parameters can be set as in the real system, as well as the same
output parameter can be obtained.
7. Results and Validation
In this chapter, the results of the experiments, which are introduced in the previous
chapter, are considered and discussed, as well as being compared with Dymola simulation
in order to identify parameters and to validate the model extensions.1
7.1. Wheel Slip Test
In the following, the results of the Wheel Slip Test can be seen. Figure 7.1 and Figure 7.2
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Figure 7.1.: Wheel Slip Test, force x fx against sinkage.
1The following values for the bristle parameters were used:
BFCS: kb = 300000N/m3, cb = 40000Ns/m3, vd = 0.01m/s, 10× 3 (n×m) bristles
BFEW: kb = 500000N/m3, cb = 40000Ns/m3, vd = 0.01m/s, 40× 3 (n×m) bristles
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Figure 7.2.: Wheel Slip Test, force z fz against sinkage.
show the tractive force fx and the normal force fz of Wheel1 and Wheel2. Both wheels
show an increase of the tractive force with an increasing soil penetration, which is due
to the larger wheel-soil contact surface. Furthermore, the influence of the grouser can
be seen, as Wheel2 permanently has a higher tractive force of approximately 10 N than
Wheel1.
However, the course of the normal force shows an unusual behavior in all Wheel Slip
Tests, because the normal force decreases with an increasing sinkage, as Figure 7.2 shows.
The expected normal force behavior would be a nearly constant value for the whole test,
because the vertical wheel load is not changing during the test.
For this reason, one Wheel Slip Test is considered in detail to identify the reason for this
behavior.2 Figure 7.3 shows several moments of the experiment video record. On the left
of Figure 7.3, the first second is shown and it can be seen, that the shear failure of the soil
sets in. By the fourth second, the wheel has dug off a layer of soil and this soil remains
in the areas between the grousers. As the movie shows, the wheel sinks rapidly during
this time, because it digs up more and more soil. This effect stops after the wheel has
2Experiment test campaign ID 55: Wheel1, ω = −0.8 rad/s, v = 0m/s
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1 s 4 s 7 s 10 s
Figure 7.3.: Moments from experiment ID 55 video record. From left to right: 1 s, 4 s,
7 s and 10 s
done one full rotation, which is approximately after 7 s. After this time, the areas of the
wheel which are completely laden with sand reach back down to the wheel-soil contact
surface and thus, the grousers no longer have any effect. The wheel sinking also stops
completely at the same point in time as can be seen in the experiment video record. The
effect without sinking is observable until the tenth second, after that, the wheel sinks
again for a short time until the force torque sensor reaches the soil and the experiment
is stopped. The second sinking is because the sand on the wheel’s surface between the
grousers begins to fall down from the wheel surface and the grousers can dig the soil of the
contact surface again. The wheel sinkage has been observed in the corresponding video
record of ID 55 and a similar effect can also be seen in the wheel sinkage measurement, as
shown in Figure 7.4. For a better overview, the time points of the images in Figure 7.3 are
marked as black dashed lines in the wheel sinkage Figure 7.4. In Figure 7.5, the tractive
and normal force (top plot) of experiment ID 55 are illustrated with the same dashed
lines to identify the time moments of Figure 7.3. The course of the normal force shows a
tremendous decrease, within the respective time interval (0 s to 7 s) that a rapidly wheel
sinking can be observed. In the moment (8 s) when the wheel stops sinking, the normal
force goes back to the initial amount (0 s to 1 s). From the tenth second the normal force
decreases again, which is the same moment where also the second wheel sinking sets in.
In the lower plot of Figure 7.5, the friction angle of experiment ID 55 is illustrated. The
green dashed line shows the measured friction angle of soil RMCS-13, obtained by the
method of Apfelbeck [1] and listed in Table 5.1. It can be seen, that the friction angle is
only in the beginning of the experiment and between the eighth and tenth second near to
the a value of φ = 38 ◦. For this reason, it must be assumed that the force measurement
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Figure 7.4.: Wheel sinkage against time of ID 55.
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Figure 7.5.: Tractive force, normal force (top plot) and friction angle (bottom plot)
against time of ID 55.
is not properly in case of rapid wheel sinking.
A possible explanation of this effect is, that in this test scenario a negative angular velocity
for the wheel was used. While the wheel turns, the sinkage increase, because the wheel
digs the soil and consequently it moves down. However, the wheel suspension benefits a
decrease of sinkage due to its limited freedom of movement and this leads to a force which
counteracts the normal load, while the wheel sinks. As a result, the force-torque sensor
measures a decrease of the normal force, when the wheel rapidly sinks.
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Due to this effect, theWheel Slip Test is unsuitable for an exact parameter identification of
kkin and should only be used for a rough parameter estimation. For parameter estimation,
only those parts of the experiments that have trustworthy normal force results are used,
which are in the beginning of the experiment. In the following, different kkin have been
tested in simulation to find the most suitable value. The tractive force fx of the experiment
is compared with BFCS in Figure 7.6 and with BFEW in Figure 7.7. For both figures,
in the upper plot the angular velocity ω = −0.8 rad/s is shown and in the lower plot
ω = −1.6 rad/s can be seen. The original BCM approach is also shown in both Figures.
The results show, that both extensions limit the tractive force by adjusting kkin. The
higher kkin, the higher the tractive force fx. As a result, kkin can be used as limitation for
the shear stress of the wheel-soil contact.
The tractive force of the original BCM implementation is distinctly too high in each
test. This is because the original BCM has no reduction for the shear stress as do the
bristle friction models. The peak of tractive force fx in the beginning of the original
BCM implementation can be explained by the missing modeling of dynamic sinkage,
which is caused by wheel slip, as well as the soil digging caused by the grouser [5]. As
can be seen in Figure 7.8 and Figure 7.9, which illustrate the wheel sinkage against time,
the wheel sinkage of all simulations decreases, whereas the experiments have an increasing
wheel sinkage. All BCM implementations only model static sinkage based on the equations
of Bekker, and the increasing sinkage caused by motion resistance and slip of the wheel
and soil digging by the grousers is not included [27]. The high shear strength in case of
the original BCM leads to high tractive force and the wheel suspension kinematic benefits
a decrease of sinkage in case of a negative angular velocity. In reality, this effect is not
observable because of the dynamic sinkage effect, respectively the displacement of soil
caused by the wheel grousers and it will lead to an increasing wheel sinkage despite of the
wheel suspension characteristics.
Figure 7.6 shows that the tractive force of BFCS has also a negative peak in the beginning
of the experiment, whose size depends on the chosen kkin and angular velocity. Due to
the sudden change of the angular velocity in the first 0.2 s an abrupt change of the wheel
sinkage is induced, if kkin is small enough. At this point in time, the bristle deflection
increases and after a while the bristle’s state changes from static regime to kinetic regime
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and the bristle deflection decreases abruptly. The effect is stronger if kkin is smaller,
because then the difference between static and kinetic regime has more effect and the
abrupt change of the sinkage benefits this effect. Therefore, this effect can only observed
if kkin is under a certain level and the velocity is low enough.
This effect can also observed in BFEW, as the upper plot of Figure 7.7 shows. In this plot
a small peak can be seen in case of BFEW kkin = 0.10 and thus, this effect is significantly
weaker than in BFCS. The explanation for this is that the bristles of BFCS remain for
a longer time in the static regime as they are fixed to the wheel-soil contact surface and
this surface does not change during the simulation, because the wheel turns on the spot
in the Wheel Slip Test. Furthermore, the changing number of bristles which are within
the contact surface can be seen in the BFEW simulations as small discontinuities in the
courses of tractive force fx. In case of −0.8 rad/s, the distance between two discontinuities
is ≈ 0.2 s and in case of −1.6 rad/s it is ≈ 0.1 s. This is roughly the time it takes for the
wheel to traverse the distance between two bristles at the corresponding angular velocity. 3
As parameter estimation of kkin, the tractive performance of simulation is compared with
the tractive performance of the experiment. For Wheel1 a kkin = 0.10 − 0.15 and for
Wheel2 a kkin = 0.15 − 0.20 seems suitable for BFCS and BFEW. These values match
the tractive performance of the experiments best.
3For BFEW simulation, 40× 3 bristle were used. Wheel radius rw = 0.125 m
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MeanExp ω = −0.8 rad/s, Wheel1
MeanExp ω = −0.8 rad/s, Wheel2
BCM Original, Wheel1
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MeanExp ω = −1.6 rad/s, Wheel2
Figure 7.6.: Wheel Slip Test, tractive force fx, BFCS comparison.
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ω = −1.6 rad/s
MeanExp ω = −1.6 rad/s, Wheel1
MeanExp ω = −1.6 rad/s, Wheel2
Figure 7.7.: Wheel Slip Test, tractive force fx, BFEW comparison.
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ω = −1.6 rad/s
MeanExp ω = −1.6 rad/s, Wheel1
MeanExp ω = −1.6 rad/s, Wheel2
Figure 7.8.: Wheel Slip Test, sinkage, BFCS comparison.
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ω = −1.6 rad/s
MeanExp ω = −1.6 rad/s, Wheel1
MeanExp ω = −1.6 rad/s, Wheel2
Figure 7.9.: Wheel Slip Test, sinkage, BFEW comparison.
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7.2. Wheel Pull Test
In Figure 7.11 and Figure 7.12, the experimental results of the Wheel Pull Test for Wheel1
for both velocities vDBP = 0.05 m/s and vDBP = 0.1 m/s are illustrated. The results for
Wheel2 are illustrated in Figure 7.13 and Figure 7.14. In each Figure, the upper plot
is is the tractive force fx, the center plot is the normal force fz and the lower plot the
wheel sinkage against the position in the testbed. It can be seen that both forces vary
considerably in each Wheel Pull Test.
In order to explain this behavior, Figure 7.10 shows two moments of a Wheel Pull Test
with ID 79.4 An amount of soil accumulates in front of the wheel, caused by bulldozing.
This means an additional resistance which needs to be overcome while pulling the wheel
and this results in a higher force fx. Moreover, the amount of accumulated soil in front
of the wheel is not constant but it alternates between large and small amounts. At the
beginning of the experiment, the amount of bulldozed soil in front the wheel increased
tremendously, as well as the wheel sinkage. This high bulldozing resistance could be
observed, because the wheel was blocked and only pulled. However, after a while the
amount of soil was large enough and it acted like a wedge, which pushed the wheel up
again, decreased the amount of soil in front of the wheel and the effect started over.
The force plots also show oscillations at several moments, especially for Wheel2 as Fig-
ure 7.14 shows between 1.7 m and 2.2 m. A possible explanation for this effect is inhomo-
geneous
Figure 7.10.: Wheel Pull Test, Wheel2, vDBP = 0.1m/s, tractive force fx, normal force fz,
sinkage. Left: a large amount of soil in front of the wheel. Right: a small
amount of soil in front of the wheel.
4Experiment test campaign ID 79: Wheel1, ω = 0 rad/s, vDBP = 0.1m/s
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Figure 7.11.: Wheel Pull Test, Wheel1, vDBP = 0.05m/s, tractive force fx, normal force
fz, sinkage.










Wheel1, vDBP = 0.1m/s

























BCFS kkin = 0.45
BFEW kkin = 0.45
Figure 7.12.: Wheel Pull Test, Wheel1, vDBP = 0.1m/s, tractive force fx, normal force fz,
sinkage.
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Wheel2, vDBP = 0.05m/s

























BCFS kkin = 0.55
BFEW kkin = 0.55
Figure 7.13.: Wheel Pull Test, Wheel2, vDBP = 0.05m/s, tractive force fx, normal force
fz, sinkage.










Wheel2, vDBP = 0.1m/s

























BCFS kkin = 0.55
BFEW kkin = 0.55
Figure 7.14.: Wheel Pull Test, Wheel2, vDBP = 0.1m/s, tractive force fx, normal force fz,
sinkage.
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failure of soil and the resistance between SWT rail and the sled. Through flexibility of
the kinematic, the wheel suspension can have a spring effect, which leads to an oscillation
of the system. The results of the Wheel Pull Test show that the bulldoze effect has a
significant influence on the experiment’s results. However, this effect is neither considered
by the original BCM, nor by the BCM extensions. As a result, the Wheel Pull Test is
unsuitable for a parameter estimation of kkin. In order to demonstrate this, the simulation
results for both BCM extensions are shown in Figures 7.11, 7.12, 7.13 and 7.14. As can
be seen, compared to the Wheel Slip Test, substantially higher values need to be chosen
in order to achieve similar results as in the experiments. For Wheel1 it is kkin = 0.45
and for Wheel2 it is kkin = 0.55. Moreover, the simulation results show a constant course
during the entire test, because the bulldoze effect is not considered.
7.3. Free Slip Test
In the following, the Free Slip Test experiment and simulation results are shown in order
to investigate the validity of the bristle friction model extensions for BCM and they are
also compared to the original BCM. The results of Wheel1 are shown in Figure 7.15
and Figure 7.16 for desired translational velocity vDes = 0.05 m/s (zero slip assumed). For
velocity vDes = 0.1 m/s, the experiments for Wheel1 failed. All tests needed to be stopped
after a few seconds, because the wheel got stuck in the soil, caused by a strong dynamic
sinkage.
The results show adequate simulation results for fx, ty and fz for the original BCM,
as well as the BFCS and BFEW for kkin = 0.15, which is the estimated value from the
Wheel Slip Test. However, the BFCS implementation shows a strong oscillation within the
first 30 cm for low velocities. This oscillation occurs despite an implemented damping of
the wheel suspension in simulation. An explanation for this oscillation is the mentioned
change of the contact surface size, which induced an unintentional motion of bristles.
The oscillation also affects the wheel suspension kinematic and the sled and thus, this
oscillation is strongly visible in the plots of the tractive performance fx and ty. Another
conspicuousness in the experiment results of fx and ty plots are the peaks at position
≈ 1.4 m. The explanation for this is that the SWT rail actually consists of two parts. The
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transition of these two parts is exactly at this position and it is an additional resistance
between sled and rail. However, this effect is not implemented in simulation, because the
resistance between sled and rail is approximated as a polynomial with a degree of one. The
lack of dynamic sinkage in simulation can also be seen in this test scenario. The upper
plot of Figure 7.16 shows, that the wheel sinkage has a significant error in simulation
compared to the experiment. The mean of slip i in the experiments is roughly 50%, as
visible in the lower plot of Figure 7.16. However, the standard deviation is so high, that
the true value can lie almost in the entire range between 0 to 1. As a consequence, the
slip measurement results for this test scenario are not trustworthy enough to compare
them with simulation results. The slip of the original BCM is almost zero, which means
that the prediction of the shear strength is significantly too high. In case of BFCS, the
oscillation problem in the beginning can also be seen in the slip plot. For a short time,
the slip is negative, which is an unrealistic behavior. An explanation for this is, that the
wheel suspension moves slightly back and forth, which is induced by this oscillation. As
a result, the wheel suspension pulls the wheel for a short time. At this point, the slip is
negative, because the longitudinal translational velocity of the wheel is higher than the
product of ω rw.
In Figure 7.17 and Figure 7.18, the mean results of fx and ty, as well as wheel sinkage
and slip against the desired velocity vDes are illustrated for Wheel2. Furthermore, the
standard deviation (SD) and the standard deviation scalar (SD scalar) are plotted. The
latter is an indicator for the quality of the measurement. The lower SD scalar, the better
the measurement. The results show an increasing error of the original BCM simulation
with increasing velocity. The tractive performance is significantly too high at vDes =
0.2 m/s. On the contrary, the tractive performance of both bristle friction models show
consistency to the experiment results with suitable values for kkin. The already mentioned
lack of dynamic sinkage is also clearly visible. The slip measurement results for Wheel2
are more trustworthy than for Wheel1, because the true value lies within a smaller SD
range. BFCS and the original BCM have a good consistency to the measurement result.
BFEW has good prediction for vDes = 0.1 m/s and whereas for vDes = 0.2 m/s the slip
prediction is too high, which is an indication for a too high kkin.
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Figure 7.15.: Free Slip Test, Wheel1, vDes = 0.05m/s, tractive force fx, torque ty, normal
force fz.





























BFCS kkin = 0.15
BFEW kkin = 0.15
Wheel1
Figure 7.16.: Free Slip Test, Wheel1, vDes = 0.05m/s, sinkage, slip i.
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Figure 7.17.: Free Slip Test, Wheel2, tractive force fx, torque ty.
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BCM Original
Figure 7.18.: Free Slip Test, Wheel2, sinkage, slip i.
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7.4. Computational Effort
In the following, the computational effort of the simulated test scenarios is considered from
a real-time capability point of view. The original BCM is compared to the new imple-
mentations in Table 7.1. It is important to keep in mind that the simulation also includes
visualization and contact detection, which also need considerable computational effort.
As a result, it is not easily possible to determine the absolute effort of the model. For
this reason, the multiplication of the computational effort related to the original BCM is
considered.
The BFCS implementation has approximately a 1.5 times higher effort than the original
BCM and for the BFEW implementation an effort 4 times higher is needed. However, it
should be mentioned that for the BFEW more than a sixfold number of bristles, respec-
tively contact patches is used compared to BFCS and BCM.
Table 7.1.: Computational effort of simulated test scenarios.
Test scenario Wheel Slip Wheel Pull Free Slip
Test Test Test
Simulation time 25 s 30 s 60 s
Computational effort (mean) in [s]
BCM original (10× 3) Contact patches 29 44 65
BFCS extension (10× 3) Bristles 34 79 107
BFEW extension (40× 3) Bristles 120 130 296
7.5. Evaluation
Both bristle friction extensions show, that they can limit absorption of contact reaction
forces and torques of the soil and that this limitation depends on kkin. In case of good
parameter estimation of kkin, this leads to an adequate consistency with the tractive per-
formance of the wheel in experiments. Due to this limitation, the slip is also predicted
distinctly higher than in the original BCM approach. The wheel sinkage is in all mod-
els significantly too low, because semi-empirical approaches based on the equations of
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Bekker and Wong [45] do not consider dynamic sinkage.
However, the oscillation of the BFCS, caused by the changing bristle position within
the contact surface, is still a problem and it impairs all simulation results. Due to this
alternating bristle position, the tangential slip velocity from a different position of the
wheel-soil contact surface is used to calculate bristle deflection. As a consequence, this
bristle fixation is not suitable, because the oscillation can not be avoided and it impairs
the results too strongly, as can be seen especially well in Figure 7.15 and Figure 7.16.
BFEW achieves better results than BFCS, as Figure 7.15 and Figure 7.16 show. In this
approach there is only a slight oscillation, induced by the bristles which enter and leave
the contact surface. The effect can be kept low by a sufficiently large number of bristles.
For this reason, a fixation of the bristles on the wheel surface is significantly more reason-
able. Through the fixed bristle position on the wheel surface, the tangential slip velocity
is always used from the same position of the wheel surface and for computation of the
bristle deflection.
The computation of the bristle deflection always needs information of previous time steps
and it results in an increase of computational effort, which can hardly be avoided. In case
of the BFCS, the additional effort is reasonable, whereas in case of BFEW, the computa-
tional effort is up to 4 times higher than the original BCM, because a significantly higher
number of bristles needs to be used for this model, as mentioned in 5.2.
The problem of the model parameter kkin is that it depends on the wheel (e.g. size of the
grousers), as well as soil properties and thus, a parameter identification needs always to
be done for each different wheel-soil pair.
In conclusion, the bristle fixation of the BFCS is unsuitable, because the occurring os-
cillation significantly impairs the simulation results. On the contrary, BFEW achieves
adequate results and for a good kkin parameter estimation the shear stress prediction
achieves better results than the original BCM. The disadvantage of this extension is the
considerably higher computational effort compared to the original BCM.
8. Conclusion and Outlook
8.1. Conclusion
The bristle friction model was introduced as an alternative approach of shear stress predic-
tion in the existing wheel-soil contact model BCM and subsequently analyzed in Dymola.
Within this work, a field campaign was performed in order to investigate the validity of
the bristle friction extensions. Finally, the experiment results were discussed, investigated
and compared to the simulation results.
In Chapter 4, the integration of the extended bristle friction model into the existing
BCM was introduced. In this context, two approaches with different bristle fixation and
distribution were elaborated, the BFCS with the bristles fixed on the contact surface and
the BFEW with the bristles fixed on the entire wheel surface.
Both model extensions were analyzed in the modeling and simulation tool Dymola. The
influence of the bristle stiffness and bristle damping coefficient were investigated, as well
as different numbers of bristles in order to find suitable parameter values and numbers of
bristles. Moreover, the damping methods of the original BCM and the bristle damping
were compared.
In order to investigate the validity of BFEW and BFCS, a field campaign was performed
on the Single-Wheel Testbed. Within this work, a new soil compression method was
introduced, in order to improve the homogeneity of the soil density. After that, three
different test scenarios were introduced for parameter estimation of kkin and for model
validation.
The results of Chapter 5 and Chapter 7 show that the bristle friction can be integrated
into the existing BCM. However, the tests scenarios, which were chosen for the parameter
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identification of kkin prove to be suitable only to a limited extent. The main problem is
that the dynamic sinkage and the bulldozing resistance, which are not considered in the
models, have influenced the measurement results too strongly. As a result, the behavior
of the tangential stress could not be considered separately and only parameter estimation
was possible.
Due to the fact that kkin is different for each wheel-soil pair, the obtained simulation
results are only valid for the current soil and wheels. Further tests with different wheel-
soil pairs are needed, in order to investigate a more general validity. However, due to the
limited time frame more tests scenarios would go beyond the scope of this thesis.
8.2. Outlook
Finally, several suggestions for further developments are given, which can also be used
as starting point for future works. Due to the idea that the bristle deflection shall de-
pict the shear displacement also for compressed soil, the bristle deflection should behave
like the dashed line in Figure 8.1 in order to achieve an approximation of the red line.
However, the switching condition of the bristle model is only velocity-dependent. Thus,
if the angular velocity of the wheel will be slowly increased, the bristle deflection can act
as the dashed line. If the angular velocity is set to a high value immediately (e.g. a step
function) the peak is skipped and the bristles behave similarly to the blue line. For this
reason, an improvement to the bristle friction extension would be the implementation of
an additional switching condition, which prevents the bristle from switching too early.
A possible approach could be that the transition from static and to the kinetic regime
only happens if vd is exceeded and simultaneously the bristle deflection exceeds a certain
value. As a result, the transition is not only velocity-dependent, but also depend on the
deflection. Through such a modification the behavior, as the dashed line in Figure 8.1
indicates, would also be reached in case of high accelerations of the wheel. However, also
suitable switching rules for the transition back to the static regime need to be found, to
ensure that the static regime is not missed in simulation.
Due to the high computational effort of BFEW, a future work could also be a code analy-
sis and optimization in order to increase the real-time capability of the model. A starting
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Figure 8.1.: Shear displacement of compressed and loose soil and bristle deflection.
point could be to find ways to reduce the number of bristles without decreasing the ac-
curacy of the model.
In order to improve the parameter identification for the bristle friction extension, addi-
tional tests could be performed in future works. The influence of the effects, which are not
included in the model, should be kept low. The Wheel Pull Test scenarios were performed
with a blocked wheel. The test could be repeated with an unblocked wheel in order to
keep the bulldozing resistance lower. A second possibility is to perform the Wheel Slip
Tests on defined constant fixed sinkages. For this reason, the wheel suspension kinematic
must be fixed or limited by a rope in vertical direction. Such a test configuration should
make it possible to investigate, the shear stress at defined wheel sinkage and the problem
of normal force measurement as it appeared in 7.1 should not occur. Another test would
be to perform start up tests with different accelerations or different final velocities, in
order to observe shear failure behavior of soil by a slow increasing angular velocity of the
wheel.
As already mentioned, kkin depends on the wheel-soil pair and therefore further tests for
other wheels and soils are recommended. Through additional tests with other wheels it
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might be possible to extract a reference point for the influence on kkin by the grouser size.
This could reduce the need of testing many wheels with different grousers in the same soil
for future works. Instead of this, the tests on the same soil could be performed with one
or two wheel types and for the other types kkin could be estimated.
Constructive modifications on the SWT could improve the experiment results. The coun-
terweight still induces oscillation, especially in the beginning of the experiment, when the
velocity of the wheel suspension abruptly changes and further constructive modifications
should reduce the influence of the counterweight. Another problem of the SWT is a sag-
ging of the drawbar pull rope. Especially for tests, in which the rope needs to be redirected
by a guide roller in order to pull the wheel in forward longitudinal moving direction. In
this case, the rope sags and acts like a spring and results in an inhomogeneous pull of the
wheel suspension. In order to reduce that problem, a linear motor could be used to pull
the sled of the SWT.
Further development of a testbed is introduced in Buses work [3], which considers a robotic
Single-Wheel Testbed (SWT). Instead of a rail and wheel suspension, a robot arm is used
to guide the wheel. One advantage of this method is that the degrees of freedom can be
increased. Thus, it is also possible to run tests with curves or with a tilted wheel.
A further advantage would be the realization of test automation, which makes it pos-
sible to perform entire series of experiments automatically. This procedure could help
to identify kkin rapidly for different types of wheels and different types of soil. More-
over, an automation of the soil preparation will be also developed. The robot arm could
help to improve the accuracy of soil compression significantly, in order to achieve better
reproducibility [3].
Appendices
A. Soil Preparation Method
In order to achieve best possible homogeneous soil conditions for experiments in the
Single-Wheel Testbed (SWT) it is recommended to observe the following soil preparation
instructions. Note that this soil preparation method was used for all experiments which
are done within this thesis.
A.1. Soil Loosening Instruction
• The air ventilation must be turned on, during the entire preparation process in order
to minimize dust formation.
• If the soil surface is rather uneven, even the surface with a large rake (Figure A.2).
• The soil must be loosened with the small rake (Figure A.1). Ensure that the rake
reaches the bottom of the soil bin in order to loose all layers of the sand.
• Even the soil surface with large rake again (Figure A.2).
A.2. Soil Compression Instruction
• Place the soil preparation tool (SPT) on the even raked soil aligned parallel with
the soil bin side walls.
• Ensure that the two people which are compress the soil have nearly the same weight.
• Person 1 (P1) steps on the middle of the SPT. Position 1P1 in Figure A.3.
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Figure A.1.: Small rake Figure A.2.: Large rake
• Person 2 (P2) steps on the begin of the SPT. Position 1P2 in Figure A.3.
• P1 goes from Position 1P1 to Position 2P1 on the outer timbers step by step. Each
individual foot step is marked on the SPT. The person puts its foot center on the
mark. On each step the person shifts its weight on one side by doing three swaying
movements.
• P2 does the same from Position 1P2 to Position 2P2 by following the rhythm and
velocity of P1 .
• When P1 and P2 reached Position 2P1 , respectively 2P2 , both turn around an go
back in the same manner from Position 2P1 / 2P2 to 3P1 / 3P2 to the initial position.
• However, now P2 sets the rhythm and velocity of the movements and P1 follows.
• Both stop when they reached their initial position 3P1 respectively 3P1 .
• Both persons leave the SPT simultaneously.
• One person steps on the SPT again at Position 4.
• The person goes foot by foot from Position 4 to Position 5, but now not on the
outer timbers, but in the center of the SPT.
• The person leaves the SPT and the SPT is removed. The lane is now compressed.
• Repeat the procedure for the next lane. Note that, at least a distance of three finger
breadth should be kept between two lanes.
Appendices 89
First person (P1) starts here











Put the middle of the foot on this marks
Foot step size
From 1 to 2: walk on the outer timber
From 2 to 3: walk back on the outer timber
From 4 to 5: walk in the center of the tool
4
5
Figure A.3.: Compressing instruction on the soil preparation tool (top view)
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B. Soil Density Results
In this section the results of the soil density measurement are listed. For the density
measurements the soil penetration tool was used as it can be seen in Figure B.1 on the
left. In order to determine the soil density, this tool was penetrated three times at each
point A,B and C in the soil bin. The location of that points are shown on the right of
Figure B.1. The soil penetration tool is in each measurement loaded by the same cuboid
volume of soil with the width and depth of d = 0.05 m and the height of h = 0.12 m
which leads to a volume of V = 0.0003 m3. Finally, the mass of the amount of soil was

















Figure B.1.: Left: soil penetration tool for soil density measurements.
Right: location of density measurements in the soil bin of the SWT
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Table B.1.: Soil density results
Measurement Soil mass in kg Soil density in kg/m3 Soil density in kg/m3
A1 0.35 1167
A2 0.37 1233 1178± 50.8
A3 0.34 1133
B1 0.30 1000
B2 0.35 1167 1122± 107.2
B3 0.36 1200
C1 0.20 667
C2 0.29 967 933± 251.7
C3 0.35 1167
Total soil density mean and standard deviation:
ρRMCS−13,comp = 1078 kg/m3 ± 177.8
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C. Resistance of the SWT Rail
In Figure C.1 the measured resistance force against the position of the wheel is plotted
for different velocities in positive direction, i.e. from start position ≈ 0 m to end position
≈ 3 m (exterior wall side) of the soil bin.
Position testbed [m]















































Figure C.1.: Resistance force of the SWT rail against to the position with different
velocities (Unfiltered). From start position ≈ 0 m to end position ≈ 3 m
(exterior wall side).
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Moreover, a moving average plot1 is given again in Figure C.2 for a better overview and
comparison of the resistance force courses.
Position testbed [m]




















Figure C.2.: Resistance force of the SWT rail against to the position with different
velocities (Filtered). From start position (≈ 0 m) to end position (≈ 3 m,
exterior wall side).
1Plot smoothed by the Savitzky-Golay filter:
Degree: 1
Span: 5000
Size of each plot array ≈ 27500
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In Figure C.3 the measured resistance force against the position of the wheel is plotted
for different velocities in the opposite direction. This resistance is caused by the friction
of the rail and the extraction of the drawwire sensor2 and occurs if the SWT suspension
is moved in negative direction, i.e. from end position ≈ 0 m (exterior wall side) to the

















































Figure C.3.: Resistance force of the SWT rail against to the position with different
velocities (Unfiltered). From end position ≈ 3 m (exterior wall side) to
start position ≈ 0 m.
2Drawwire sensor - SX120 is used
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The force which is needed to extract the drawwire sensor can range between 8.0N and
11.6N [44]. Finally, a moving average plot3 can be seen in Figure C.4 for a better overview




















Figure C.4.: Resistance force of the SWT rail against to the position with different
velocities (Filtered). From end position ≈ 3 m (exterior wall side) to start
position ≈ 0 m.
3Plot smoothed by the Savitzky-Golay filter:
Degree: 1
Span: 5000
Size of each plot array ≈ 27500
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